Soil Moisture as a Mediator for Nitrogen Competition: Implications for Species Invasion and Climate Change by Everard, Katherine Anne & Everard, Katherine Anne
Soil Moisture as a Mediator for
Nitrogen Competition: Implications
for Species Invasion and Climate
Change
Katherine Anne Everard
Submitted for the Degree of
Doctor of Philosophy
Department of Biology
Imperial College London
October 2008
Abstract
Simple models of competition for one and two resources have been well
investigated for both nitrogen and water. Ecosystem models of nitrogen and
water, including their interactions are also well known, but competition and
ecosystem processes have rarely been considered together. Using a simple
ecosystem model of the nitrogen and water cycles including the dependence
of the nitrogen cycle on soil moisture I examine the outcome of competition
for nitrogen. This model shows that when there are species specific effects
on soil moisture, the competitive outcome for nitrogen can be coexistence
or alternative stable states.
The last century has seen widespread invasion of Californian grasslands by
annual grasses and forbs from the southern Mediterranean region. Both ni-
trogen and water have been shown to be limiting in this system. The native
perennial grasses deplete the soil moisture and nitrogen to a lower level
than the invasive annual grasses, suggesting that natives should be better
competitors. Parameterising my model for a Californian grassland system
I show that in fact the invasive annual grasses are the superior competitor
for nitrogen at lower soil moisture when nitrogen competition is mediated
by soil moisture. The competitive outcome at current rainfall levels in Cali-
fornia is limited to competitive exclusion by the annuals or coexistence.
Climate change caused by anthropogenic emissions of CO2 is already affect-
ing communities and ecosystems. Global climate models predict changes in
both mean amount and distribution of precipitation. I investigate the effect
of changing precipitation distributions on both ecosystem and community
processes in nitrogen limited systems. There is wide variation in ecosystem
response to increased variation in rainfall. The outcome of N competition
was more predictable, with the best competitor at lower soil moisture being
consistently favoured with increasing rainfall variability. This might prove
another problem in restoring native grasses in Californian grasslands.
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Chapter 1
Introduction
One of the major current challenges for ecology is to assess the current and
future impact of human induced change on our environment. We place
value on biodiversity for aesthetic, cultural and increasingly for ecosystem
services (Balmford et al., 2002; Costanza et al., 1997; Chapin et al., 2000).
An increase in the level of greenhouse gases in the atmosphere is driving
widespread changes in the global climate, the effects of which are already
being seen in shifts in species distribution, changes in temperature and pre-
cipitation/storm occurrence (Easterling et al., 2000; Christensen et al., 2007;
Emmanuel, 2005; Lenoir et al., 2008). Changes in both the mean values and
in the variability of environmental conditions is expected.
Invasion by exotic species alters community composition and structure. This
can have far reaching impacts on the abiotic processes in the ecosystem (Vi-
tousek et al., 1987; Levine et al., 2003). With increased global transportation
invasions are becoming more widespread, and already cause major damage
to agriculture and industry (Pimentel et al., 2000).
Changes in environmental conditions impact on both the biotic and abiotic
components of ecosystems directly and interactively. Changes in tempera-
ture and soil moisture can directly affect both population growth rates and
community composition, and nutrient cycling (Qi et al., 2002; Bardgett et al.,
2008; Davidson & Janssens, 2006). Changes in the abiotic components of the
ecosystem will feed into the community and populations through changes
in resource quality and availability, which can affect species abundances
and competitive interactions. Changes in the community composition and
abundances of populations will directly affect nutrient cycling via many
mechanisms, for example changes in amount and decomposability of nu-
16
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trient inputs to the soil (Vitousek et al., 1987; Cornelissen et al., 2007), and
changes in the losses from the system such as fire occurrence and leaching
(D’Antonio et al., 2000; Chapin III et al., 1997). This clearly leads to com-
plex feedback effects within the ecosystem. Thus the resultant effects on
the ecosystem of any changes in environmental conditions, or the biotic or
abiotic components of the ecosystem are obviously complex and interactive.
Traditionally population and community ecology have grown independently
of ecosystem ecology. Population and community ecology have focussed on
the biotic components of the ecosystem, taking the population as a base unit
and looking at the interactions between populations and how these affect
community structure and function. Ecosystem ecology has used energy and
nutrient cycling as a basis to look at the overall functioning of the ecosys-
tem. The separation of these disciplines is partly caused by differences in
the spatial and temporal scale of the questions that are being asked. In re-
cent years there has been increasing interest and work in combining these
two approaches (Loreau, 1996, 2000), particularly to tackle the question of
the consequences of anthropogenic induced changes on ecosystems (Suding
et al., 2008; Levine et al., 2003). A combined approach is vital to understand
how populations currently interact within their abiotic environment, so that
we can assess the possible and likely consequences of our actions on the
ecosystem as a whole.
My work brings together these two disciplines. I specifically focus on the
nitrogen and water cycles and the interaction between them, and present a
model of species competition for nitrogen incorporating species effects on
soil moisture and the resultant effect on processes in the nitrogen cycle. I
use this model to examine competition between exotic and native species in
a California grassland.
Nitrogen and water are limiting resources in many if not all terrestrial ecosys-
tems (Vitousek & Howarth, 1991; Huxman et al., 2004). Whilst the impor-
tance of hydrology on the nitrogen cycle is well recognised, the consequences
are far from understood (Schimel et al., 1997, 1996; Rodriguez-Iturbe & Por-
porato, 2004, and references therein). Soil moisture plays a large role as a
transport medium for nitrogen, as part of plant uptake, microbial decom-
position and leaching. Microbial processes in the soil are strongly depen-
dent on soil moisture as a resource and indirectly as a regulator of oxygen
availability and humidity (Stark & Firestone, 1995; Brady & Weil, 2002). In-
dividual plant species affect soil moisture through differential uptake, and
nitrogen cycling through differences in both the amount and the forms of
17
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nitrogen taken up, litter quality and quantity (Sariyildiz & Anderson, 2003;
Clark et al., 2005; Lipson & Nasholm, 2001; Aerts, 1999). The interaction
between nitrogen and water cycling is often included, although in vary-
ing detail, in large nutrient cycling and dynamic global vegetation models
(DGVMs) (Ri & Prentice, 2008; Schimel et al., 1997; Porporato et al., 2003;
Pastor & Post, 1986). Models have shown the importance of soil moisture
balance to predicting net primary production, and interactions between wa-
ter and nitrogen limitation (Schimel et al., 1996, 1997; Pastor & Post, 1986). In
ecosystem models, the impact on species competition has rarely been con-
sidered (but see Pastor & Post, 1986).
In comparison, models that explicitly consider resource competition rarely
consider species specific feedbacks within the ecosystem (but see Daufresne
& Hedin, 2005; Clark et al., 2005). Within community ecology the basis
for competitive interactions and conditions for coexistence have been ex-
tensively modelled. Here I summarise the main ideas on competition that
apply to nitrogen and water.
Lotka-Volterra
The classic model of competition between two species was developed in-
dependently by Lotka (1932) and Volterra (1931). This is a non-mechanistic
model in which each species growth rate is modelled as a function of its own
and its competitors population sizes. This lead to the tenet that coexistence
occurs when intraspecific competition is more important than interspecific
competition. Whilst this model has been criticised for lack of a mechanistic
basis and difficulty of parameterisation, the condition for coexistence has
proven robust.
Tilmans R*
The most widely cited model of species competition is that developed by
Tilman (1982). It results in the simple rule that relates each species com-
petitive ability to the lowest resource level at which it can survive, R*. The
model assumes that for a given set of environmental conditions, resource
uptake is a function of resource availability and population size, and that re-
source loss is a function of population size. When the environmental condi-
tions are constant in space and time, then the number of species that can co-
exist is limited by the number of limiting resources in the system. Similarly
to the lotka-volterra model, species will coexist in the case that intraspecific
competition is more important than interspecific competition. When the
18
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assumptions of spatial and temporal homogeneity are relaxed, then more
species than limiting resources can coexist (Tilman, 2004).
Nitrogen Use Efficiency
Nitrogen use efficiency (NUE) was originally suggested as an important
adaptation to nutrient stress (Chapin III, 1980, and references therein). It
was measured as the inverse of tissue nitrogen concentration. However
experimental studies revealed that species grown in nutrient poor habitats
generally had a lower NUE than those grown in more nutrient rich envi-
ronments. The definition of NUE was first updated by Vitousek (1982) to
account for the nutrient recycling that occurred within the plant. Berendse
& Aerts (1987) proposed a redefinition of the NUE to be the product of the
nitrogen productivity (rate of dry matter production per unit of nitrogen in
the plant (g dry weight g−1N day−1)) and the mean residence time of nitro-
gen. This defines at steady state, the dry weight which can be produced per
unit of nitrogen taken up. This recognises the tradeoff between the nitrogen
productivity in the plant and the maintenance of nitrogen in the plant.
There are many other coexistence mechanisms that are based on trade-offs
between traits, for example the competition-colonisation trade-off (May &
Nowark, 1994; Tilman, 1994) and Grimes ”competitor”, ”ruderal” and ”stress-
tolerator” life history traits (Grime, 1977).
Chesson (2000) summarises the suite of coexistence mechanisms as func-
tioning in two major ways, a) equalising, b) stabilising. Equalising mech-
anisms minimise the difference in fitness between the species, often in the
form of trade-offs, and stabilising mechanisms increase intraspecific com-
petition relative to interspecific competition. Some coexistence mechanisms
directly rely on fluctuations in the environment, either spatial or temporal,
to function. Other mechanisms function independently of fluctuations.
Temporal and Spatial Fluctuations
Environmental fluctuations can either promote coexistence, promote com-
petitive exclusion, or have little effect on the competitive outcome depend-
ing upon the species responses to the environment and the change in com-
petition with the environment (Chesson & Huntly, 1988). A number of mod-
els have demonstrated increased propensity for coexistence in a varying en-
vironment (Chesson & Warner, 1981; Tilman, 1982; Comins & Noble, 1985;
Pacala & Tilman, 1994; Amaresekare, 2003).
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Chesson (1994) shows that for a broad range of models, the cases in which
environmental fluctuations enhance coexistence can be summarised into
two main effects, termed relative nonlinearity and the storage effect. Rel-
ative nonlinearity refers to the cases in which the species with the higher
per capita growth rate in the absence of fluctuations 1) experiences a greater
decrease or smaller increase in growth rate when fluctuations occur and 2)
experiences smaller fluctuations in the limiting factor when an invader than
when a resident. This means that the species that is inferior in the homoge-
neous environment has an advantage in the heterogeneous environment.
The storage effect requires 1) species to have differential responses to the en-
vironment, 2) the intensity of competition and response to the environment
to covary, and 3) buffered population growth when a species is not favoured
by the environment. This mechanism operates by concentrating intraspe-
cific competition relative to interspecific competition, as when a species is
favoured by the environmental conditions, intraspecific competition will be
most important, and when it’s competitors are favoured, the buffering of
the population growth diminishes the negative effects of interspecific com-
petition (Chesson, 2000).
This brief description of major models and approaches to competition in
community ecology shows that whilst there are a broad range of models
that can promote coexistence, the mechanism by which this occurs can often
be attributed to one of very few classes which are summarised by Chesson
(2000). These models are usually independent of species specific feedbacks
within the ecosystem, other than direct resource consumption rates.
This thesis is concerned with combining this community ecology approach
to competition with an ecosystem model of the nitrogen and water cycles.
I consider the effects of soil moisture on the nitrogen cycle and the differ-
ential use and cycling of nitrogen when each species is present, and look at
the resulting effects on competition. To my knowledge there are no resource
competition models that include both species specific feedbacks on two re-
sources in the case that one of the resources can modify the availability and
cycling of the other.
Thesis structure
In chapter 2 I set up an ecosystem model of the nitrogen and water cycles
which incorporates the dependence of the nitrogen cycle on soil moisture. I
then use this model to consider the outcome of two species competing for
20
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nitrogen. Each species differs in its water use, but water is not directly lim-
iting to plant growth and only affects the plant species through its effects on
the nitrogen cycle. I derive a simple condition, the competitive index, which
determines the competitive hierarchy. I then use the competitive index to
describe the conditions and trade-offs necessary for coexistence, alternative
stable states and competitive exclusion.
In chapter 3, the model introduced in chapter 2 is parameterised for an
invaded californian grassland. Interactions between nutrient cycling and
hence resource availability are likely to be particularly important when con-
sidering the impact of an invasive species on an ecosystem. Whilst changes
that an invasive species makes on one nutrient cycle will have direct con-
sequences for other species in the system (Vitousek et al., 1987), the cascad-
ing effects on other nutrient cycles may be equally or more important. Ex-
otic species from the Mediterranean have invaded much of the Californian
grassland ecosystem. Nitrogen and water have been shown to be poten-
tially limiting in this system. The parameterised model is used to derive
the competitive outcomes for a range of soil moisture. We show that in the
case of competition for nitrogen, the exotic species should be competitively
superior at low soil moisture and hence this model can explain the current
exotic dominance.
In chapter 4, the model introduced in chapter 2 is used to investigate the im-
pact of increasing variability in the rainfall distribution. Whilst estimates of
the direction and magnitude of change in the mean amount of precipitation
with current climate change vary from region to region (Christensen et al.,
2007), there is more consistency in the projections of change in the amount
of variation in rainfall occurrence. There is predicted to be an increase in the
variability of rainfall occurrence, in particular both the frequency and depth
of extreme events is predicted to increase (Easterling et al., 2000). We need to
consider ecosystem responses to changes in both the mean and variation in
rain when considering the effects of climate change. Using a range of rain-
fall distributions, with both increasing intervals between rainfall events and
increased storm depths, I investigate the effects on the nitrogen cycle firstly
for one species and secondly on the competitive outcome and ecosystem
functioning with two species.
Chapter 5 brings together the results of the previous chapters, and discusses
possible further avenues of research. The focus throughout this thesis is
plant competition for nitrogen. The novelty of the approach is that compe-
tition for nitrogen is dependent on soil moisture. The effect of soil moisture
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on competition for nitrogen is both direct, through plant uptake of nitrogen,
and indirect through other processes in the nitrogen cycle. Each species can
also modify the competitive arena for nitrogen by differential effects on the
soil moisture. The combination of community and ecosystem ecology ap-
proaches that is taken is essential to capture the full effect of species specific
effects on the soil moisture and the resulting effect on the nitrogen cycle and
competitive outcomes. The results highlight the need for greater coherence
between ecosystem and community ecology to understand current patterns
of biodiversity and the potential future effects of climate change.
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Soil Moisture as a Mediator of
Nitrogen Competition
In this paper we present a model in which competition for nitrogen is me-
diated by soil moisture and can result in coexistence or alternative stable
states as well as competitive exclusion. Nitrogen availability is regulated by
soil moisture through a variety of mechanisms. Microbial processes in the
soil such as decomposition of plant litter and soil organic matter, denitrifica-
tion, and immobilisation are strongly regulated by soil moisture. Leaching
and plant uptake are dependent on soil moisture as the transport medium
for nitrogen. By affecting water availability, plants also indirectly affect ni-
trogen availability. We show a range of competitive outcomes even though
N is the only directly limiting factor, and derive the conditions that lead to
each of these competitive outcomes.
2.1 Introduction
By altering their environments, organisms modify their resource supplies
and competitive arenas (Jones et al., 1997; Kieft et al., 1998; Eviner & Chapin III,
2003; Eviner, 2004). In this paper, we model the interaction between two ma-
jor plant resources, water and nitrogen, to show how plant water use affects
the nitrogen cycle and plant competition for nitrogen.
Most terrestrial ecosystems are either water or nitrogen limited or both (Vi-
tousek & Howarth, 1991; Huxman et al., 2004). Each plant species impacts
nutrient availability in a unique way through many processes including lit-
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ter production and chemistry, specific plant-mycorrhizal mutualisms and
modification of the soil microclimate (Knops et al., 2002; Clark et al., 2005).
Nitrogen availability is also regulated by soil moisture through a variety
of mechanisms. Microbial processes in the soil such as decomposition of
plant litter and soil organic matter into plant available nitrogen, denitrifi-
cation and immobilisation are strongly regulated by soil moisture (Brady &
Weil, 2002). Leaching and plant uptake are dependent on soil moisture as
the transport medium for nitrogen. Plant species can affect soil moisture
through mechanisms such as a decrease in evaporation due to shading by
canopy cover, water uptake and effects on the soil structure which impact
on the water holding capacity of the soil (Angers & Caron, 1998). By af-
fecting water availability, plants also indirectly affect nitrogen availability
as well as their ability to deplete this resource (Hooper & Johnson, 1999;
Craine et al., 2005). Changes in the supply of each can also affect the avail-
ability of each other with consequences for plant phenology and ecosystem
gas exchange (Harpole et al., 2007). This creates complex feedbacks between
plant strategy, ecosystem processes and interspecific competition.
Plant competition for one resource has been well documented, simple mech-
anistic models have lead to the principle of competitive exclusion embodied
by the R* rule (Tilman, 1982), whereby with only one limiting resource, at
equilibrium only the species that can reduce the limiting resource to the low-
est level will survive. A field study with perennial grasses has shown that
individual species affect nitrogen availability in very different ways (Wedin
& Tilman, 1990).
Coexistence can occur for a number of species when several resources are
limiting. In a well mixed environment, no more species than limiting re-
sources can coexist. In natural ecosystems we often see many more species
than known limiting resources, and many hypotheses have been put for-
ward to explain this apparent discrepancy. When the assumption of a ho-
mogeneous environment is relaxed, e.g. through spatial or temporal het-
erogeneity, a higher number of competitors than limiting resources can be
demonstrated (Chesson & Warner, 1981; Tilman, 1982; Comins & Noble,
1985; Pacala & Crawley, 1992; Pacala & Tilman, 1994; Amaresekare, 2003).
Within a homogeneous environment Huisman & Weissing (2001) demon-
strated limit cycles and chaotic population dynamics leading to the coexis-
tence of more species than limiting resources. Although this can occur in
plankton communities (Beninca et al., 2008), it is much less likely to be an
important mechanism of coexistence amongst terrestrial plant species be-
cause they are unlikely to display cycling or chaotic dynamics e.g. Crawley
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& Ross (1990); Rees & Crawley (1991); Freckleton & Watkinson (2002) (but
see Crone, 1997; Gonzalez-Andujar et al., 2006).
While a lot of studies and models have focussed on nutrient interactions in
the plant, for example uptake ratios of nutrients and plant litter chemistry
(Tilman, 1982; Gusewell, 2004), and have looked at the consequential effects
of these on competition, very few have looked at the interactions of nutri-
ents in the soil and how plants themselves may be able to alter the availabil-
ity of a limiting resource through differential use of a second resource (but
see Clark et al., 2005; Daufresne & Hedin, 2005).
Here we present a simple model of the nitrogen and water cycles incorporat-
ing their interactions. We consider the case in which plant growth is solely
nitrogen limited and examine the effects of differing water usage and input
on competition between two species.
2.2 Methods
We set up a simple mechanistic model of the nitrogen and water cycles as
shown in figs 2.1 and 2.2. All the parameters of the model are defined in
table 2.1. The system is assumed to be nitrogen limited, so water uptake
does not limit plant growth directly but can alter availability of nitrogen
indirectly.
Parameter
/Variable
Dimension Definition Range for stability
analysis
N mg/m2 Inorganic N in the soil
P g/m2 Plant biomass in terms of
N
L g/m2 Litter biomass in terms of
N
M mg/m2 Microbial biomass in
terms of N
O mg/m2 Organic nitrogen in the
soil
s Dim’less Soil moisture
IO mg/m2 Input of organic N to the
ecosystem
(0.1,10)
Continued on next page
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Table 2.1 – continued from previous page
Parameter
/Variable
Dimension Definition Range for stability
analysis
IN mg/m2 Input of inorganic N to the
ecosystem
(0.1,10)
αO Dim’less Fraction organic N
dissolved
(0,1)
αN Dim’less Fraction inorganic N
dissolved
(0,1)
n Dim’less Soil porosity (0,1)
Zr mm Rooting depth (5,100)
mp day−1 Plant tissue death rate (0,0.25)
mo day−1 Organic N decomposition
rate
(0,0.25)
mm day−1 Death rate of microbial
biomass
(0,0.25)
mL day−1 Decomposition rate of
litter
(0,0.25)
a1 mm/day Active uptake efficiency (0,5)
a2 Dim’less Non-linearity of active
uptake with respect to soil
moisture
(2,5)
γ Dim’less Proportion of microbial
death going to organic
pool
(0,1)
Ks mm/day Saturated hydraulic
conductivity
(0,0.9)
sh Dim’less Hygroscopic point
sw Dim’less Wilting point
sws Dim’less Onset of plant water stress
s f c Dim’less Field capacity
Tmax mm/day Maximum rate of
transpiration
(0,10)
h mm/day Rainfall Selected randomly
from rainfall range at
which the species
would survive.
Continued on next page
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Table 2.1 – continued from previous page
Parameter
/Variable
Dimension Definition Range for stability
analysis
Ew mm/day Maximum rate of
evaporation
(0,10)
d0 Dim’less Percentage of max
denitrification rate at low
soil moisture
(0,0.1)
r day−1 Denitrification rate (0,0.5)
Table 2.1: Model Parameter and Variable Definition and Units
Mutual invasibility analyses
First, we calculate equilibrial values of the resource pools for each species in
monoculture. The invasibility of the system is then considered by looking at
the growth rate of a second plant species under the equilibrium conditions
maintained by the resident. The outcome of these mutual invasibility anal-
yses categorises the system into one of four possible state: a monoculture
of species 1, a monoculture of species 2, coexistence of species 1 and 2, or
either species 1 or 2 depending on starting conditions (i.e. alternate stable
states) (Gurney & Nisbet, 1998).
2.2.1 Soil Moisture Dynamics
The water dynamics is described on a daily timescale by equation 2.1, based
on a model developed by Rodriguez-Iturbe et al. (1999) and extended by
Laio et al. (2001) and Porporato et al. (2003):
nZr
ds
dt
= I(s, t)−E(s)−T (s)−L(s) (2.1)
where n is soil porosity, Zr is rooting depth, s is soil moisture, I(s, t) is the
input (part of rainfall that enters in the soil), E(s) the evaporation, T (s) tran-
spiration and L(s) leakage. This is a vertically averaged bucket model.
Soil moisture, s, varies between zero and one, and is the proportion of the
maximum available space in the soil that is taken up by water. Water is
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Figure 2.1: Model of the nitrogen cycle, arrows represent the fluxes in and
out of the pools and the system. The solid arrows represent processes that
are independent of soil moisture, and the dashed arrows those that are de-
pendent on soil moisture.
assumed to be spread evenly through the soil. Such an assumption is ad-
equate provided plants have the ability to compensate for spatial variation
in soil water saturation i.e. plants uptake more water from locally wet areas
and less from locally dry areas (Guswa et al., 2002).
As in Rodriguez-Iturbe et al. (1999), water input is equal to the daily rainfall,
h, if there is enough “space” in the soil to accommodate it, otherwise it is
equal to the available space, nZr(1− s), and the remainder of the rainfall is
assumed to be lost as runoff.
In this model it is important to distinguish between evaporation from the
soil surface and transpiration as in Porporato et al. (2003), because transpi-
ration is important in nitrogen uptake, and so we take their formulation for
evapotranspiration:
Evaporation from the soil surface, E(s), occurs at a maximum rate Ew, when
the soil moisture is above the permanent wilting point, sw, which is typi-
cally assumed to be at a soil matric potential of -1.5MPa for temperate crops,
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Figure 2.2: The soil moisture model
although can be as low as -3MPa or -5MPa for plants in semiarid environ-
ments (Laio et al., 2001). The percentage saturation of soil moisture at this
point depends upon the specific soil type at the site. As the soil moisture
decreases from the permanent wilting point, sw, to the hygroscopic point,
sh, the rate of evaporation from the soil surface declines linearly to zero.
The hygroscopic point is assumed to be at a soil matric potential of -10 MPa
(Rodriguez-Iturbe & Porporato, 2004).
E(s) =

0 : s< sh
Ew
s−sh
sw−sh : sh ≤ s< sw
Ew : s≥ sw
(2.2)
Transpiration, T (s), has a maximum rate Tmax, when the soil moisture is
above the onset of plant water stress, which is typically around a soil matric
potential of -0.03MPa (Laio et al., 2001). Between the onset of plant water
stress and the wilting point transpiration decreases linearly to zero.
T (s) =

0 : s< sw
Tmax s−swsws−sw : sw ≤ s< sws
Tmax : s≥ sws
(2.3)
Biomass dependent transpiration in the model led to unstable dynamics be-
cause of both the added interactions between nitrogen concentration in the
soil and changes in transpiration rate and the increased number of equilib-
rium solutions. Therefore transpiration is assumed to be independent of
plant biomass for a given soil area as in other models (Rodriguez-Iturbe
et al., 1999; Laio et al., 2001; Porporato et al., 2003). This assumption is rea-
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sonable because we consider mature stands at equilibrium. A study by Gor-
don & Rice (1993) on four California annual grassland species showed that
while the total final shoot mass of the studied neighbourhoods did not sig-
nificantly affect soil water depletion, the species identity did, indicating that
species identity is a more important driver of water depletion than shoot
biomass.
Leakage, L(s), follows the simple linear formulation of Rodriguez-Iturbe
et al. (1999). It is assumed to have a maximum rate, the saturated hydraulic
conductivity, Ks, at s = 1. It then decreases linearly to zero as the soil mois-
ture decreases to the field capacity, s f c, remaining at zero as soil moisture
decreases to zero. The field capacity is the point at which the rate of grav-
ity drainage becomes negligible relative to evapotranspiration (Laio et al.,
2001).
L(s) =
 0 : s< s f cKs s−s f c1−s f c : s≥ s f c (2.4)
2.2.2 Nitrogen Dynamics
In setting up the model of the nitrogen cycle, we have endeavoured to main-
tain a balance between biological realism, interpretability and tractability.
We use five pools to describe the flow of nitrogen in the system, plant P,
litter L, soil organic nitrogen O, soil inorganic nitrogen N and microbial
biomass M. As in other simple ecosystem models, nitrogen moves amongst
the pools by linear transfers, i.e. the flow is proportional to the size of the
donor pool (Bolker et al., 1998). These linear flows are in some cases depen-
dent on the soil moisture in a non-linear way, but this underlying linearity
means that the model is mathematically tractable.
The soil organic matter (SOM) is represented by three pools, litter, soil or-
ganic nitrogen and microbial biomass similarly to Porporato et al. (2003).
This is inline with recommendations from Schimel et al. (1994) and Bolker
et al. (1998) who recommend that more than one and a maximum of five
pools are needed to capture the SOM dynamics, the number of pools de-
pends on the accuracy required.
Inorganic nitrogen consisting of nitrate NO−3 and ammonium NH
+
4 is rep-
resented by one pool in this model. This is for simplicity so that the effect of
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soil moisture on competition for nitrogen is not confounded with the effect
of competition for different N forms.
Whilst all the nitrogen fluxes in the system will be dependent on soil mois-
ture or the water cycle to some extent, we consider that the system is a nitro-
gen limited one, and hence consider the dependence on soil moisture in this
case. For example in a water limited system, plant tissue turnover is likely
to be highly dependent on soil moisture availability, but when nitrogen is
limiting growth, this dependence is likely to be small, and so we model this
as independent of soil moisture.
A rate of change equation is associated with each of the pools and is equal to
fluxes in to the pool minus fluxes out. These are shown in equations 2.5-2.9.
dP
dt
=
αNN
snZr
(T (s)+a1sa2)−mpP (2.5)
dN
dt
= (1− γ)mMM− αNL(s)NW + IN−
αNN
W
(T (s)+a1sa2)−d(s)rN (2.6)
dO
dt
= mMMγ−mOOf (s)+ IO− αOL(s)OW (2.7)
dM
dt
= mLL f (s)−mMM+mOOf (s) (2.8)
dL
dt
= mPP−mLL f (s) (2.9)
Plant uptake of inorganic nitrogen: αNNsnZr (T (s)+a1s
a2)
The plant is considered to be nitrogen limited and uptake occurs via two
pathways: passive and active uptake. Passive uptake (mass flow), is the
amount of inorganic nitrogen dissolved in the soil water taken up for tran-
spiration. Active uptake (diffusion), occurs when the nitrogen demand ex-
ceeds that supplied by passive uptake and a local concentration gradient
is created which causes diffusion of nitrogen towards the roots (Porporato
et al., 2003). Plant uptake is proportional to the concentration of inorganic
nitrogen dissolved in the soil water,αNNW , where W is the amount of water in
the active soil depth:
W = snZr (2.10)
This formulation for plant uptake is based on a simplification of the model
developed by Porporato et al. (2003). The active uptake rate is modelled as a
power function of soil moisture. This is for practical and biological reasons.
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There is very little convincing data in the literature on the active uptake of
nitrogen, and a power function can approximate a variety of relationships
between active uptake and soil moisture. Active uptake is likely to be de-
pendent on the rate of diffusion of nitrogen in the soil moisture, this rate is
often considered related to the product of soil moisture and a tortuosity fac-
tor, the tortuosity factor is related to the square of soil moisture (Rodriguez-
Iturbe & Porporato, 2004). This would give a value of a2 of around 3. The
full version of plant uptake including terms in which plant growth is not
nitrogen limited used in Porporato et al. (2003), has been shown to approx-
imate the generally accepted Michaelis-Menten kinetics (Rodriguez-Iturbe
& Porporato, 2004).
Plant tissue death: mpP
Tissue death rate, mp is assumed to be proportional to the plant biomass
and independent of soil moisture as the system is assumed to be nitrogen
limited. This is also the input to the litter pool.
Microbial decomposition of litter and organic nitrogen: mlL f (s) andmoOf (s)
Decomposition of the litter and organic nitrogen pools is proportional to
the size of the pool, with maximum rates ml and mo. The rate of decompo-
sition is limited by the soil moisture. The maximum rate of litter decompo-
sition mL will be specific to each plant species, and the soil organic matter
maximum decomposition rate mO is assumed to be independent from plant
species.
Decomposition is at its maximum rate at intermediate soil moisture values,
and is reduced at high and low soil moisture. Decomposition occurs at a
reduced rate when the soil moisture is low as water is necessary as both a
transport medium and a resource (lower cell water contents reduces the en-
zyme activity) to the microbial biomass and when the soil moisture is high
and the conditions become anoxic. Decomposition of plant litter as well as
of organic nitrogen is decreased from its maximum by a soil-moisture de-
pendent function:
f (s) = 4s(1− s) (2.11)
This function is chosen to approximate the soil moisture impact on microbial
activity, both decomposition and nitrification, as described in Brady & Weil
(2002).
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Microbial death: mmM
Microbial death is proportional to the size of the microbial pool with a pro-
portion, γ , of the nitrogen going to the organic pool, and the remainder
(1− γ) going to the inorganic pool. This is independent of soil moisture as
the system is assumed to be nitrogen limited and the water stress of soil mi-
crobes has similar characteristics to plant water stress (Rodriguez-Iturbe &
Porporato, 2004).
Note that immobilisation is included implicitly in the model, movement
between the microbial pool and the inorganic pool is modelled as a one
way flow as this is the net movement between the two pools.
Leaching from the inorganic and organic nitrogen pools: αNL(s)NW and
αOL(s)O
W
Leaching is equal to the amount of inorganic or organic nitrogen dissolved
in the water that leaks from the system i.e. the concentration of organic,
αOO
W , or inorganic
αNN
W nitrogen multiplied by the amount of water leaked
from the system L(s).
External inorganic and organic input to the system: IN and IO
External inputs to the system are constant and independent of soil moisture
for both the organic, IO, and inorganic, IN , nitrogen pools. For simplicity, we
ignore N fixation in the system.
Denitrification: d(s)rN
Denitrification is assumed to occur at a very low rate, independent of soil
moisture when s is below 0.7. When soil moisture is above 0.7, the deni-
trification rate increases linearly to a maximum rate r at s=1. This follows
the soil moisture dependence of denitrification described in Brady & Weil
(2002).
d(s) =
 d0 : s< 0.71−d0
0.3 s+
d0−0.7
0.3 : s≥ 0.7
(2.12)
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2.2.3 Competition and Invasion
The equilibrium pool sizes are combined with an invasion criterion to eval-
uate whether a stand of one species at equilibrium is susceptible to invasion
by a second species. The standard invasion criterion is used, whereby if the
growth rate of the competitor is positive under the equilibrium conditions
of the resident then the competitor is assumed able to invade.
dPinv
dt
=
αNN∗res
W ∗res
(Tinv(s∗res)+a
inv
1 (s
∗
res)
ainv2 )
Pinv
P∗res
−mpinvPinv (2.13)
Where “inv” refers to the invasive plant species, “res” to the resident species,
and i∗ to the equilibrium size of pool i. Parameters associated with neither
species are characteristic of the environment.
The growth rate of the invader is slightly modified from the growth rate
in the original model to take into account the difference in uptake rates of a
small invasive plant and the stand of plants assumed in the model. A scaling
term is applied to the uptake rate of the invasive species, which reflects the
percentage of the stand that it makes up.
This equation assumes that the inorganic nitrogen concentration is at the
same level outside the rooting depth of the resident if the rooting depth
of the invader is larger. This seems a reasonable assumption if the rooting
depths are relatively similar as although the inorganic nitrogen just outside
the residents rooting depth is not subject to plant uptake, it will have the
same levels of diffusion and leaching as the soil just inside this depth.
Coexistence occurs if both species can invade the other, alternative stable
states if neither can invade the other and competitive exclusion in the case
that only one can invade the other.
2.3 Results
Each species considered in this model requires rainfall to be within a certain
range in order to survive. This is dependent upon individual effects on the
soil moisture, so species with differing maximum transpiration rates will be
able to survive for differing rainfall ranges. If these ranges overlap, then the
species involved could be in competition with each other.
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Equilibrium pool sizes were derived by setting the derivatives in equations
2.1 and 2.5-2.9 to zero and solving. The resulting equations were too com-
plex to show in the text, but are reproduced in Appendix A (equations A.1-
A.5). Equilibrium stability was explored using simulations and shows that
the equilibrium values calculated are stable when subject to perturbations
±10% of the equilibrium values with randomly chosen parameters. A list of
the ranges from which the parameters were selected is in table 2.1.
The model predicts that for a given soil moisture, the species with the higher
value of
Ci =
a1sa2 +T (s)
mp
(2.14)
which we define as the competitive index, will out-compete the other species
(see derivation in appendix A). This can be stated equivalently as
Ci =
N in Biomass
N concentration in the soil
(2.15)
From the first formulation of the competitive index, it is clear that compet-
itive index is strongly dependent on soil moisture. At a specific soil mois-
ture, there are four determinants of the competitive index; transpiration rate
T (s), plant tissue death rate mp, the active uptake efficiency a1 and the non-
linearity of active uptake with respect to soil moisture a2. Plant competitive
index increases with species ability to take up nitrogen passively (T (s) in-
creases), actively (a1sa2 increases), and ability to retain nitrogen (plant tissue
death rate mp decreases).
The competitive index is dependent upon soil moisture, as active and pas-
sive uptake varies with respect to soil moisture. This means that the identity
of the superior competitor might change with soil moisture. Therefore, the
effect of each species on the soil moisture also has to be taken into account
to determine the overall outcome of competition for nitrogen.
Each species has an effect on the soil moisture through its water uptake
(transpiration rate T (s)) which is seen in the soil moisture equilibrium equa-
tion (assuming that since the plants are nitrogen limited that the soil mois-
ture is above the wilting point):
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s∗ =
 (h−Ew) (sws−sw)Tmax + sw Ew < h≤ Ew+Tmax(h−Ew−Tmax) (1−s f c)Ks + s f c Ew+Tmax ≤ h (2.16)
For this analysis we assume that all soil moisture parameters except maxi-
mum transpiration rate Tmax remain the same between the species. If both
species have the same maximum transpiration rate Tmax then the equilib-
rium soil moisture will also be the same for stands of both species which
means that the only possible outcome would be competitive exclusion of
one species. The same species may not be dominant throughout the soil
moisture range, but there will almost always be a clear winner for a given
soil moisture.
Now we consider what happens when the species differ in their water use.
The outcome is dependent upon the competitive index at both the soil mois-
ture equilibrium of species 1, s∗1 and that of species 2, s
∗
2. Without loss of
generality we assume that s∗1 < s
∗
2, i.e. species 1 has a higher maximum tran-
spiration rate, Tmax than species 2. The outcome for each combination of
competitive indices is shown in table 2.2.
Competitive index at s∗1 Competitive index at s
∗
2 Competitive Outcome
SPECIES 1 > species 2 SPECIES 1 > species 2 Competitive exclusion
by species 1
species 1< SPECIES 2 species 1 < SPECIES 2 Competitive exclusion
by species 2
SPECIES 1 > species 2 species 1 < SPECIES 2 Alternative stable states
species 1 < SPECIES 2 SPECIES 1 > species 2 Coexistence
Table 2.2: Competitive outcomes for two species when the order of the com-
petitive indices is as shown. n.b. the species with the higher competitive
index is in capitals.
When the species with the higher competitive index differs between s∗1 and
s∗2, the outcome is either alternative stable states or coexistence and which is
determined by whether each species maintains the soil moisture at a level at
which it is more competitive or at which its competitor is more competitive.
As the soil moisture level for each species is dependent upon rainfall, it is
possible to see varying outcomes along a rainfall gradient (fig 2.3). Note
that for the figure I have assumed that the soil moisture is above the onset
of plant water stress and so the transpiration rate is at a maximum.
If the model shows alternative stable states or coexistence then one of the
following two trade-offs holds. 1) One species is better at one method of
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Figure 2.3: Competitive dominance as a function of soil moisture (left hand
side panels) and resulting competitive outcomes along a rainfall gradient
(right hand side panels). Species S (solid line) has a higher value of Tmax
and so maintains the soil moisture at a lower level than species D, the dot-
ted line. (a-d) competitive index of each species against soil moisture. The
species with the higher competitive index excludes the other species for that
soil moisture. (e-h) corresponding growth rate of each species when it is
an invasive in a stand of the other species, against rainfall. This includes
species effects on the soil moisture and we can see the actual competitive
outcomes for the system as a whole. When the growth rates of both species
are positive there is coexistence (Co), where both growth rates are negative
there are alternative stable states (ASS), and where one is positive and one
negative there is competitive exclusion either by species S or species D. Note
that the soil moisture will not reach 1 as the excess rainfall would be lost as
run off at this point.
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nitrogen uptake, either passive (through a higher transpiration rate Tmax) or
active and worse at the other and 2) One species is better at overall nitrogen
uptake but has a higher tissue death rate and so it is worse at maintaining
the nitrogen it has. Where both passive and active nitrogen uptake rates and
nitrogen maintenance differs between the species, then the relative strength
of these differences comes into play. In the second scenario, there must be a
difference between the passive uptake rates of each species for the compet-
itive index to change between the soil moisture levels, however the differ-
ence in active uptake rates may be stronger.
If we consider the graphs of the competitive index (fig 2.3 and equation
2.14), we see that the shape is determined by the active uptake term, the
start and end point by the passive uptake term and the tissue death rate
can stretch or squash the graph. With the functions used in this model,
it is possible to have none, one or two points at which two graphs cross.
These crossing points also indicate the soil moisture levels at which we see
alternative stable states or coexistence. If different functions were chosen
then we might see different numbers of switching points, for example if the
active uptake rate was a linear function of soil moisture then we would see
one or no crossing points.
Comparison with R* competition rule
The R* competition rule for one limiting nutrient states that the species that
can deplete the limiting nutrient to the lowest availability should exclude
the other species (Tilman, 1982). In this model this will be the species that
has the lowest value of αNN∗/W ∗, the inorganic nitrogen concentration in
the soil moisture. Looking at the second formulation of the competitive in-
dex (equation 2.15) we can see that by decreasing αNN∗/W ∗, a species will
increase its competitive index, but that this may not lead to competitive ex-
clusion, as the equilibrium plant biomass also affects the competitive index.
This model shows that whilst decreasing the availability of the limiting nu-
trient to a competitor is important, the biomass achieved whilst depleting
the resource to this level also affects competitive ability. By increasing its
biomass a species increases its ability to suppress the growth of an inva-
sive species, the invasive species will only have access to a small fraction
of the limiting resource. When invasive, it is increasing the proportion of
total biomass that it makes up compared to the resident and so decreases
the ability of the resident to suppress its growth.
We show in appendix that the species with the higher value of T (s)+ a1sa2
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maintains the nitrogen concentration at the lowest level. As a consequence,
when the death rates of the two species are equal then the R* rule predicts
the same outcomes as the competitive index. We can see competitive exclu-
sion, alternative stable states or coexistence depending on the other param-
eter values. However, if the species differ in their death rates the R* rule
might differ from the competitive index. This means that a species could be
able to invade and exclude a species with a lower R*.
2.4 Discussion
Simple competition models in a mixed homogeneous environment have
shown coexistence only when the ratio of species to limiting factors is 1:1.
Resource heterogeneity, temporal variability or spatial structure has allowed
coexistence of more competitors than limiting factors (Huston & DeAnge-
lis, 1994; Tilman, 1994; Chesson, 2000). Cycles generated by competitive
interactions themselves have allowed the coexistence of more species than
limiting factors when the number of limiting factors is greater than three
(Li & Smith, 2003). By taking into account the interaction between nitro-
gen and water cycling we have shown that it is possible to see coexistence
and alternative stable states as well as competitive exclusion for two species
competing for a single resource, nitrogen, in a homogenous environment.
The mechanism that generates coexistence is a soil moisture dependence
of competitive hierarchy and a plant species specific effect on soil moisture.
Water thus indirectly acts as a limiting factor in the sense of Levin (1970) and
Armstrong & McGehee (1980), because it indirectly affects growth through
its effect on the uptake of the limiting resource, nitrogen. Water addition
would also affect growth because of its effect on nitrogen uptake; although
water per se would not be limiting, the results of a water addition experi-
ment could conclude that water is limiting.
Soil moisture dependence of competitive hierarchy is likely to be an ex-
tremely general phenomenon. Using a very different model, Craine et al.
(2005) showed that R* was indeed dependent on soil moisture. In the field,
different plant species are found along soil moisture gradients (Pickett &
Bazzaz, 1976; Adams & Anderson, 1980; Cabido et al., 1993; Richards et al.,
1995). Plant species are also known to differ in their water use, with water
use efficiency varying between co-occurring species (Ehleringer & Cooper,
1988; Field et al., 1983). Some species use available shallow water conserva-
tively whilst others exploit deeper water sources (Fitter & Hay, 2002). Con-
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sequently species effects on soil moisture also vary (Gordon & Rice, 1993),
with differences seen in deep soil moisture depletion between annual and
perennial grass species (Seabloom et al., 2003), and in uptake following a
rain event (Gebauer & Ehleringer, 2000).
Trade-offs allowing coexistence or alternative stable states
Alternative stable states or coexistence arise when the competitive hierar-
chy changes along a soil moisture gradient. This requires a trade-off either
between the two nitrogen uptake mechanisms or between nitrogen uptake
and maintenance in the plant. Passive uptake of nitrogen must differ be-
tween the species in both cases so that each has a different soil moisture
equilibrium. Thus, the existence of one of the trade-offs ensures that the
competitive hierarchy changes along the moisture gradient. Whether such
change results in coexistence or alternative stable states depends on whether
species effects on soil moisture favour themselves (alternative stable states)
or their competitor (coexistence).
Active uptake involves the root biomass creating a concentration gradient
whereby nitrogen in the soil diffuses into the roots. Passive uptake occurs
as a result of transpiration, the rate of which is controlled predominately by
the shoot biomass in a non-water limited system. Clearly biomass can not be
allocated to both the shoots and the roots, so a trade-off between active and
passive uptake could exist via biomass allocation. It has long been thought
that a trade-off between root and shoot allocation to biomass exists and ex-
perimental results show that biomass allocation changes as a result of nutri-
ent, and light limitation and that the strength of response is not consistent
between species (Bradshaw et al., 1964; Davidson, 1968; Van der Werf et al.,
1993; Gedrock et al., 1996; McConnaughay & Coleman, 1999). The ability of
a species to vary their biomass allocation means that the parameters in the
model may not be fixed for a particular species. This could change the re-
sults as the competitive ability of each species would need to be considered
with the specific biomass allocation for the set of environmental conditions.
As discussed previously, a trade-off between passive uptake and death rate
would promote coexistence, although active nitrogen uptake may also play
a smaller role. The existence of a trade-off between growth and defence has
been well studied (Herms & Mattson, 1992), and evidence of a major axis
of evolutionary specialization at the global scale reflecting a fundamental
trade-off between rapid acquisition and conservation of resources has been
provided by Diaz et al. (2004).
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Model Assumptions and Species Effects
This model assumes that transpiration and nitrogen uptake for a stand of
a species close to equilibrium is independent of the biomass. We also as-
sume that when a species invades its nitrogen uptake is dependent upon
the fraction of the stand’s biomass it represents. Saturation of water and
nitrogen uptake have been documented for established stands, and so our
assumptions seem realistic for a given site (Gordon & Rice, 1993; David et al.,
2004). However the model’s parameters and therefore competitive hierar-
chy might be dependent upon the specific environment in which the com-
parison was being made, notably productivity. Species responses to such
environmental conditions are beyond the scope of this investigation.
This simple model by its nature ignores many important features of the real
world, in order to remain analytically tractable and interpretable. This al-
lows us to show that the interaction of nitrogen and water in the soil can
be very important to determining the outcome of competition. These re-
sults show that even simple interactions in the soil which are influenced by
plants can play an important role in determining species composition and
should not be ignored in designing and interpreting experimental studies.
It particularly highlights the importance of water availability in transport-
ing nutrients for species competition. The main mechanisms that produce
the results highlighted in this paper, namely soil moisture dependence of
competitive hierarchy and a plant species specific effect on soil moisture, are
likely to be extremely general and robust to model’s formulation. Therefore,
we expect that soil moisture mediated coexistence or competitive exclusion
to be likely to happen in nature.
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Have Invasives affected the Water
Cycle and Competition for
Nitrogen in a Californian
Grassland
Exotic annual species from the Mediterranean have displaced much of the
native perennial grasses in California. Both nitrogen and water have been
shown to be potentially limiting in this system. We parameterise the model
introduced in Chapter 2 for a Californian grassland and show that soil mois-
ture mediated competition for nitrogen can explain the dominance of exotic
annual species. These results are concordant with larger biogeographic pat-
terns of grassland invasion in the Pacific states of the USA, in which most of
the hot and dry grasslands in California have been invaded by exotic annu-
als, whilst the moister coastal prairies in northern California are dominated
by exotic perennial grasses.
3.1 Introduction
In Chapter 2 we have seen that alternative stable states and coexistence of
two species competing for nitrogen are possible when this competition is
mediated by water use. In cases of invasion, in which nitrogen is thought
to be the limiting factor this result together with a disturbance large enough
to cause the ecosystem to switch between its stable states, could provide the
mechanism for maintenance of the invasive species once the disturbance
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has stopped. Here I look at whether these competition results can affect the
possibility and process of invasion, in a Californian grassland system.
Native perennial grasslands originally covered over 9 million hectares in
California. The arrival of European settlers in the early 19th century caused
a dramatic shift in species composition (Mooney et al., 1986). Annual grasses
and forbs from the southern Mediterranean region have invaded much of
the Californian grassland ecosystem replacing the native perennial grasses
(Jackson, 1985). The spread of these species is thought to have been facili-
tated by a period of drought and over grazing of these grasslands (D’Antonio
& Vitousek, 1992; Jackson, 1985). However the removal of grazing from
these grasslands in some cases for several decades has not lead to the re-
establishment of the native species (Stromberg & Griffin, 1996). A field
study with perennial grasses has shown that the individual species affect
nitrogen availability in very different ways which could lead to alternative
stable states (Wedin & Tilman, 1990). It has been suggested that the invasive
species may change the water regime in a way that prevents the re-invasion
of the native species (Holmes & Rice, 1996; Dyer & Rice, 1999; Norton et al.,
2004).
I assess whether differential water use by the invasive mediates the competi-
tive interaction with the natives and prevents the natives from re-establishing.
The model developed in Chapter 2 is parameterised for a Californian grass-
land. A mutual invasibility experiment at Sedgwick reserve in the Santa
Ynez Valley in California provided the data needed. The model shows that
the perennial and annual species differ in their competitive abilities for ni-
trogen and that this leads to a range of competitive outcomes depending
upon the soil moisture level. At the mean rainfall input for this part of Cal-
ifornia, the model predicts either competitive exclusion of the native peren-
nials by the exotic annuals or coexistence, with drought periods favouring
the exotic species.
3.2 Methods
3.2.1 Site Description
The data was collected from the Sedgwick reserve in the Santa Ynez, Califor-
nia, USA (34◦42’30”N, 120◦ 2’30”W). The climate is Mediterranean with hot
dry summers and cool wet winters (Major, 1988; Nahal, 1981). Typical sum-
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mer high temperatures range from 32◦C and 34◦C (Seabloom et al., 2003).
Rainfall begins in the autumn and continues through the winter months,
ceasing almost entirely during the summer months. The annual mean rain-
fall is 506mm, however this is highly variable. In the grassland communi-
ties that were studied all the native species were perennial and all the exotic
species were annual (Seabloom et al., 2003). The soil is a sandy clay loam,
with percentages of sand, silt and clay, 46-26-28. Previous experiments have
shown nitrogen and water to be potentially limiting at this site (unpublished
data) (Seabloom et al., 2003).
3.2.2 Experimental Design
The data used are from part of a larger mutual invasibility experiment, the
full details of which can be found in Seabloom et al. (2003). The details of
the experimental plots included in this data analysis are as follows:
Plots were established in the summer of 2000 when native perennial species
dominated the 2.5-ha experimental field. Each plot had an experimentally
determined initial composition as either exotic annual or native perennial.
Species included in the native perennial plots were Nassella pulchra, Elymus
glaucus, Piptatherum miliaceum, Cynodon dactylon and Poa secunda. In the case
of the exotic annual plots, a short lived herbicide (Roundup) was applied
one year prior to the establishment (Seabloom et al., 2003). To ensure the
establishment of a dense stand of exotic species, all the seeds of a nearby
stand of equal area were added to each of these plots. The three most com-
mon species in the annual plots were Bromus hordeaceus, Bromus diandrus
and Brassica nigra.
Water Addition Experiment
Half of the initial composition treatments received a supplemental weekly
watering to match the 50 year mean rainfall + 2 SD, which was 854 mm/yr.
There were eight replicates for both annuals and perennials giving a total of
32 5m×5m plots.
Measurements of soil moisture were taken weekly from four replicates of
the water addition experiments, at two depths, 15 and 60cm using two time-
domain-reflectometry probes (SoilMoisture, Santa Barbara, CA) for both an-
nuals and perennials. Soil nitrate and ammonium was measured in four
replicates of the water addition experiment. Extractable soil nitrate was
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measured in a 0.5 M K2SO4 extract of a composite of four 2.5 cm diame-
ter × 15 cm soil cores per plot taken on April 9, May 5, and June 1, 2001.
Samples at 15-30cm and 30-45cm depths were taken only on May 5.
Biomass estimates were taken at or close to peak production (May), by clip-
ping, sorting to species, drying and weighing aboveground biomass from
two 0.1 × 1 m strips in each of the plots.
3.2.3 Parameter Estimation
The values of parameters and variables were estimated from either the data
collected at Sedgwick or from the literature where data was unavailable.
Two methods of estimating the variables and parameters from the data were
used. Firstly the system was assumed to be at equilibrium and the variables
were estimated from the equilibrium solutions, however this led to unfeasi-
ble solutions. Secondly, the assumption of equilibrium for the soil moisture
was relaxed, and simulations of the water model using the rainfall data col-
lected from Sedgwick were used to find the best fitting parameters for the
system. The second method provided the parameters used in the analysis
and so is detailed in the methods, for details of the equilibrium method and
discussion of why this didn’t work see appendix C. The values estimated
and used in the results are detailed in tables 3.1 and 3.2.
45
C
hapter
3
C
alifornian
G
rasslands
Variables and Parameter Estimates Used for Analysis
Variable Dimension Treatment Soil Depth Considered Annual Perennial Where from
Inorganic Nitrogen mg/m2
Control
Annual Root Zone 615 546
Data and Brady & Weil (2002)
Perennial Root Zone 1538 1366
Water Addition
Annual Root Zone 790 685
Perennial Root Zone 1975 1713
Soil Moisture Dim’less
Control N/A 0.344 0.333
Data and Brady & Weil (2002)
Water Addition N/A 0.36 0.359
Plant Biomass g/m2
Control N/A 26.7 14.9 Data, Garnier & Vancaeyzeele
(1994) and Seabloom et al. (2003)Water Addition N/A 22.9 18.2
Table 3.1: Variable estimates and where they are estimated from
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Parameter Description Dimension Annual Perennial Where From
Zr Rooting depth mm 600 1500 Dyer & Rice (1999)
mP Plant tissue death rate day−1 0.016 0.005 Craine et al. (1999); Ryser & Ur-
bas (2000); Gill & Jackson (2000);
Seabloom et al. (2003); Aerts
(1996)
a1 Active uptake coefficient mm/day 0.0024 37.75 Calc from other params
a2 Active uptake exponent Dim’less -9.980 0.686 Calc from other params
Root-shoot Ratio Root-shoot Ratio Dim’less 0.09 0.62 Seabloom et al. (2003)
% N in tissue % N in tissue mg/g dry mass 47.5 43 Garnier & Vancaeyzeele (1994)
αN percentage of inorganic
nitrogen that is dissolved
Dim’less 1 Brady & Weil (2002)
n Soil porosity Dim’less 0.66 Data
Ks Saturated Hydraulic
Conductivity
mm/day N/A Data
sh Hygroscopic point Dim’less 0.19 Data
sw Wilting point Dim’less 0.27 Data
sws Onset of Plant Water
Stress
Dim’less 0.50 0.31 Data
Continued on next page
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Table 3.2 – continued from previous page
Parameter Description Dimension Annual Perennial Where From
s f c Field Capacity Dim’less 0.7 Pers comm (Harpole), (but N/A
from data)
Tmax Max Rate of Transpiration mm/day 2.60 0.81 Calc from other Parameters
Water (Control) Water used during
growing season in control
plots
mm/day 1.126 2.751 Data
Water (Water addition) Water used during
growing season in water
addition plots
mm/day 3.116 4.631 Data
Ew Max rate of evaporation
from the soil surface
mm/day 0.27 2.31 Calc from other Parameters
Bulk density Bulk density Mg/m3 0.9 Data
ρs Soil particle density Mg/m3 2.65 Brady & Weil (2002)
β Depth coefficient for the
root distribution
Dim’less 0.910 0.946 Gale & Grigal (1987); Jackson
et al. (1996); Parker et al. (In Prep)
Table 3.2: Parameter Values and where they are estimated from
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3.2.4 Parameter Estimates from the data
Soil Moisture, s
The first soil moisture measurements were taken at the beginning of April
2001, Julian day 88. The biomass estimates were taken at the end of the
growing season in mid to late May, and the nitrogen measurements in April,
May and June. As the soil moisture decreased throughout this part of the
growing season, a mean soil moisture value between April and June was
taken at each depth across each plant type both for consistency and in order
to get a representative figure for the soil moisture throughout this period.
Note that for ease of reading, in calculating the mean soil moisture values,
all soil depths including rooting depth have been quoted in cm, rather than
mm as in the rest of the chapter. The resulting soil moisture parameter esti-
mated is fraction of soil saturation and is independent of the units used in
the calculation.
The model assumes well mixed conditions in which the water will be equally
distributed throughout the rooting depth, and the inputs and losses are then
calculated from this ideal soil moisture. In the field the soil moisture is not
evenly distributed through the soil column, as can be seen from the mea-
surements at 15cm and 60cm in table 3.3. Following Miller et al. (2007) we
employed three different methods of estimating the daily mean soil mois-
ture: an arithmetic mean, a zone weighted mean and a root-weighted, depth
averaged soil moisture. Whilst the second two methods intuitively repre-
sent the soil moisture available to the plants more realistically, the simula-
tions of the soil moisture model showed that using the simpler arithmetic
mean generated the best fitting parameters. The results using the parame-
ters derived from all three methods were not qualitatively different, and so
the arithmetic mean is detailed here and used in the remainder of the chap-
ter. The other two methods and results are shown in appendix B section
B.1.1, together with the rationale behind them.
Arithmetic Mean
This is the mean of the two depth measurements, which gives estimates of
0.227 and 0.220 m3/m3 for the annual and perennial control plots respec-
tively.
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Plot Depth (cm) Annual Perennial
Control 15 0.208 0.204
60 0.245 0.235
Water Addition 15 0.244 0.234
60 0.231 0.239
Table 3.3: Mean measured volumetric soil moisture (m3/m3) by depth for
both water addition and control plots
sv =
sv(15)+ sv(60)
2
(3.1)
Note that the perennial species depletes the soil moisture to a lower level
than the annual species.
Soil Nitrogen, N
Soil nitrogen measurements were taken for three depth ranges, 0-15cm, 15-
30cm and 30-45cm (table 3.4). It was assumed that the amount of nitrate in
the soil between 45cm and the rooting depth, Zr was the same as that at the
lowest (30-45cm) depth. For consistency with the soil moisture, the arith-
metic mean of these measurements is used here. The other two methods
of estimating the mean gave qualitatively the same results when combined
with the soil moisture estimates from the same method and are detailed in
appendix B section B.1.3.
As using the arithmetic mean provided the best fitting parameters for the
soil moisture model during the temporal soil moisture simulations, for con-
sistency the arithmetic mean values for inorganic nitrogen are reported in
table 3.2 and are used in further analysis. Note that the perennial species
depletes the inorganic nitrogen to a lower level than the annual species.
Depth Nitrate
Annual Perennial
Control
0-15cm 1.353 1.384
15-30cm 1.057 0.941
30-45cm 1.008 0.711
Water Addition
0-15cm 2.088 1.782
15-30cm 1.266 1.220
30-45cm 1.035 0.805
Table 3.4: Nitrate values by depth and plant species (mg/kgsoil)
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Transformation of the data into the units of the model
Both the soil moisture (m3/m3) and the inorganic nitrogen (mg/kg soil) data
had to be transformed, so that the units matched those of the model (percent
saturation and mg/m2). For this the porosity and bulk density was required.
s (percent saturation) =
sv
n
(3.2)
Inorganic Nitrogen (mg/m2) = nitrate (mg/kg soil)×bulk density (Mg/m3)
×1000 (kg/Mg)×Zr (m) (3.3)
Where sv is the volumetric water content, n is the soil porosity and s is the
degree of soil saturation. The soil porosity and bulk density are linked by
the equation n = 1− Bulk densityρs , where ρs is the soil particle density. A soil
particle density of 2.65 Mg/m3 is assumed (Brady & Weil, 2002; Danielson &
Sutherland, 1986). For mineral soils the particle density varies between the
narrow range of 2.60-2.75 Mg/m3, and an estimate of 2.65 is assumed when
the soil contains 1-5% of organic matter (Brady & Weil, 2002) (the Sedgwick
experimental plots contain 4.5% organic matter (pers comm Harpole)). Al-
though this estimate can vary with management practise (Blanco-Canqui
et al., 2006), the effect on the estimate of soil porosity in this case is small
(±0.01) compared with the range of bulk density.
The soil porosity is difficult to measure and was unavailable for this site.
Values reported in the literature for the bulk density of soil at Sedgwick vary
widely, from 0.62 Mg/m3 (Fierer & Gabet, 2002) to 2.1 Mg/m3 with a mean of
1.6 Mg/m3 (Gessler et al., 2000). This is probably as a result of a combination
of factors; the range of soil types present at the reserve; the variability of
organic matter and compaction history of the soil, and the soil conditions
at the time of measuring. Bulk density is not an invariant quantity for a
given soil and can change with water content due to soil swelling (Skopp,
2002; Brady & Weil, 2002; Blake & Hartge, 1986). The bulk density can be
estimated from the soil type, which in the experimental plots was sandy clay
loam giving a range of 0.9 to 1.5 for the bulk density of the experimental
plots (Brady & Weil, 2002). This gives a range of 0.43 to 0.66 for the soil
porosity which was used as the range for varying this parameter in the soil
moisture simulations.
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Plant Biomass, P
Measurements of the shoot biomass were taken mid to late May which is
assumed to be at the end of the growing season so the plant biomass will be
at or close to a maximum for both the annual and perennial species. As the
plots were not weeded they were not exclusively comprised of the species
with which they were initially seeded. The percentage biomass of the orig-
inal species in each plot type varied, so the total biomass for each plot in-
cluding that of the unintended species was used. The percentages of each
plot that were the intended species were as follows, 98% Annual Control,
98% Annual Water Addition, 67% Perennial Control and 62% Perennial Wa-
ter Addition. Only the first year of data was used to keep the influence of
the invasive species in each plot to a minimum.
The shoot biomass was measured in g of dry weight, so the data was trans-
formed in order to obtain an estimate of total, including root, biomass in
terms of nitrogen. Figures of 47.5 and 43 mg N per g biomass for the an-
nual and perennial species respectively were obtained from Garnier & Van-
caeyzeele (1994). The root biomass for each species was measured in four
pairs of annual and perennial control plots (Seabloom et al., 2003), giving es-
timates for the root-shoot ratio of 0.09 and 0.62, for the annual and perennial.
Garnier & Vancaeyzeele (1994) also measured the root-shoot ratio getting
values of 0.42 (annual) and 0.46 (perennial). These two sets of estimates are
obviously very different, the estimates obtained by Garnier & Vancaeyzeele
(1994) were obtained from a growth room in which nitrogen was not lim-
iting, whereas those from Seabloom et al. (2003) were measured from the
field. Although the actual values for plant biomass were different when us-
ing these figures, the results from the model analysis were not altered when
each of these sets of estimates were used.
Water input, h
Rainfall was estimated from the weather station data on site at Sedgwick for
the control plots and from the water addition rates and the weather station
data for the water addition plots. The rainfall data from Sedgwick during
2001 can be seen in figure 3.1. The same date range for the input was used
as for the soil moisture estimation, represented by the vertical lines in figure
3.1, giving estimates of 0.543 and 2.346mm/day of rainfall input for the con-
trol and water addition plots respectively. The total rainfall for the year was
493mm (Seabloom et al., 2003), so the percentage that fell during this period
was 10.2%.
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Figure 3.1: Daily rainfall at Sedgwick reserve in 2001. The blue lines repre-
sent the start and end of the time period used.
The model assumes that the soil moisture is at equilibrium and so the input
and losses from the soil are equal. Since the soil moisture at Sedgwick is
higher at the start of the period considered than at the end we needed to
account for the soil moisture that was lost during the period, but arrived in
the system prior to the start of the measurements. The difference in water
at the start and finish was divided by the number of days and added to the
mean daily rainfall to give a mean daily water input of 1.126 mm/day and
2.751 mm/day for the annual and perennial species respectively. Note that
this difference between the species is due to the different rooting depths of
each. The perennial species have access to a larger amount of water that fell
prior to the period considered than the annual species.
3.2.5 Parameter Estimates from the Literature
Rooting Depth, Zr
The rooting depth for each species was obtained from Dyer & Rice (1999),
600mm and 1500mm for annual and perennial species respectively.
Plant tissue death rate mp
The tissue death rate was estimated from Craine et al. (1999); Ryser & Ur-
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bas (2000); Gill & Jackson (2000) and Aerts (1996). These authors reported
figures for leaf longevity for a variety of perennial and annual grasses and
root longevity for some perennial grasses. These were converted into tissue
death rate assuming that 50% of the nitrogen from the living tissue was re-
absorbed by the plant prior to loss of the leaf or root (Aerts, 1996). The root
longevity for annual species was assumed to be the same as for the peren-
nial species, as further data on this was unavailable. Since the root-shoot
ratio for the annual species is 0.09 (Seabloom et al., 2003), a change in this
figure will not have a big effect on the overall death rate. The tissue death
rate is thus estimated as 0.005 for the perennial species and 0.016 for the
annual species.
Percentage of nitrogen dissolved, αN
The percentage of nitrogen dissolved, αN , was assumed to be 1 for nitrate as
it is a mobile ion mainly dissolved in the soil moisture (Brady & Weil, 2002),
however for ammonium it is much lower as a large fraction of ammonium
is absorbed by the soil matrix (Rodriguez-Iturbe & Porporato, 2004), and so
for this model it was assumed to be 0 for ammonium.
3.2.6 Parameter estimates from the literature used to guide
the ranges used in the simulations
Field capacity s f c
The field capacity, s f c, of the experimental site was measured volumetrically
as 0.47m3/m3 (pers comm Harpole). The highest recorded volumetric soil
moisture in the experiment was 0.322m3/m3, which is below the measured
field capacity and so means that there is unlikely to be any leakage from this
site. Since the difference between these figures is 31% of the field capacity
any error involved in the measurement of this is unlikely to affect the model
results.
Since this is measured volumetrically, it had to be converted into percent
saturation for use in the model by dividing by the porosity. Using the range
of soil porosity calculated for Sedgwick gives a range of 0.71-1 for the field
capacity.
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Saturated hydraulic conductivity, Ks; hygroscopic point, sh; wilting point,
sw and onset of plant water stress, sws
These were estimated from the literature, as shown in table C.1. These esti-
mates were used to initially guide parameter choice in the simulations but
they were allowed to vary. In some instances the best fitting parameters
differed widely from those in the table. These parameters vary from plot to
plot, with both soil type and plant species. The parameter estimates found
using the fitting method are more reliable for this analysis as they show the
best fit to the data collected at this site, and so should be consistent with
both the specific plant species and soil type found at Sedgwick.
Evaporation, E(s) and Transpiration T(s)
Evaporation from the soil surface and transpiration rate for each species
was estimated from the data using simulations of the soil moisture model
as described below. The initial calculation of these from the water addi-
tion and control plots using the equilibrium solutions, and other parameter
estimates from the literature led to unfeasible results, which are discussed
in appendix C. A method to derive the parameters of the nitrogen uptake
model including the transpiration rate from the control, water addition and
the additional nitrogen addition experiment (Seabloom et al., 2003) was at-
tempted but also proved unsuccessful, the method and discussion of why
this didn’t work is in appendix C.2.
3.2.7 Calculation of water parameters from the data using
the simulations
The difficulties in estimating the parameters of the soil moisture system us-
ing the equilibrium solutions were largely due to the transient nature of the
soil moisture and issues with parameter estimation from the literature from
the soil moisture model. It was too variable during the time period consid-
ered for the assumption of equilibrium to work (appendix C and figure 3.2).
The soil moisture parameters are known to be highly dependent on the soil
and plant type.
To estimate these parameters from the data observed, we can consider this
as an inverse problem. Given the soil moisture values and the rainfall in-
put, what are the parameters of the soil moisture system? Such problems
are common with remote sensing data and hydrology and a range of meth-
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Parameter Symbol Range Investigated
Field Capacity s f c 0.5-0.7
Onset of plant water stress sws (sw+0.04)-0.65
Wilting point sw 0.15-0.29
Hygroscopic point sh 0.07-(sw-0.04)
Max rate of transpiration Tmax 0.1-4
Max rate of evaporation Ew 0.1-3
Saturated hydraulic conductivity Ks 600-850
Soil porosity n 0.43-0.66
Table 3.5: Range of parameters used in the simulations
ods has been developed for parameter estimation (e.g. Kool et al., 1987;
Krasnopolsky & Schiller, 2003; Islam et al., 2006). Here I use a simple method
to estimate the parameters of the system that minimise the distance between
the predicted soil moisture (using the model with those parameters) and the
observed soil moisture. Simulations of the water model were run using a va-
riety of parameters as inputs and the resulting soil moisture was compared
to the observed soil moisture.
Simulations
The soil moisture model (eqn 2.1) was run in R (R Development Core Team,
2007) for the period April - December 2001 for the control plots. The wa-
ter input to the system was the measured rainfall data (from the Sedgwick
Weather Station). The starting soil moisture for each run was the measured
soil moisture on the first day. The remaining parameters, s f c, sws, sw, sh, Tmax,
Ew, Ks and n were varied systematically between the simulations. The range
of parameter values explored is in table 3.5.
Reasons for the selection of the parameter ranges:
• The estimated field capacity from the site was 0.7-1 (table 3.2). Given
the difficulties in accurately measuring this parameter, it was varied in
the simulations and since the measured soil moisture did not go above
0.7, it was varied below the estimated range at 0.5-0.7.
• The wilting point was allowed to be a maximum of 0.29 as this was the
maximum value calculated for the wilting point using the soil param-
eters. I considered that that wilting point couldn’t be higher than this
value as this would put the mean soil moisture during this period too
close to the wilting point which is unrealistic as this would mean that
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the plants were permanently wilted through the end of the growing
season, which was not the case.
• Soil porosity ranged between 0.43-0.66, the values calculated for the
soil type at Sedgwick (table 3.2).
• The saturated hydraulic conductivity initially started with just a few
values within the ranges calculated (278-773 mm/day, table C.1). Once
it became clear that the field capacity had no effect on the outcome
from the model, and hence neither did the saturated conductivity, one
value was chosen for the remainder of the simulations for both the
saturated hydraulic conductivity and the field capacity.
Comparison of Parameter Sets
A grid search method was used for the parameters considered, although
this may not be the most efficient method, given the number of parameters
involved this was computationally tractable. Parameters were initially var-
ied with larger steps between successive parameter trials and were varied
over a smaller scale once the range of interest had been narrowed down.
The simulated soil moisture time series using each parameter set were com-
pared with the measured time series of soil moisture values using the least
squares method. This makes the assumption that the measurement errors
are normally distributed. The difference between the simulated soil mois-
ture value and measured soil moisture value was squared, and then summed
through the full time series. The set of parameters with the minimum sum of
squares was taken as the best fitting model. Figure 3.2 shows the simulated
and measured soil moisture values for the best fitting parameter estimates.
Since the soil moisture model is valid whether the plants are soil moisture
limited or limited by another resource, the model could be run throughout
the year 2001 and was only terminated before the end of the year as a result
of missing rainfall data.
The parameters that are predominantly dependent upon the soil rather than
the plant species present, field capacity, s f c, hygroscopic point, sh, and sat-
urated hydraulic conductivity, Ks were kept the same for both species. The
wilting point is also mainly dependent upon the hydraulic conductivity of
the soil (Daly et al., 2004; Rodriguez-Iturbe & Porporato, 2004) and so re-
mained the same for both species. Maximum rate of evaporation from the
soil surface and maximum rate of transpiration were allowed to freely vary
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Figure 3.2: Soil moisture simulation (line) with the best fitting parameters
compared with the measured soil moisture (points) for a) annual and b)
perennial
between the species. The onset of plant water stress is dependent upon both
soil parameters and on plant characteristics, with both the root area index
(RAI) and the leaf area index (LAI) having an effect on the value. A decrease
in root area index leads to an increase in the onset of plant water stress, as
does an increase in leaf area index, although the ratio between the LAI and
RAI will also have an affect, so these rules can not be applied consistently
(Daly et al., 2004).
The results from the simulations were analysed with the onset of plant wa-
ter stress remaining the same between species and allowed to change. The
estimates for the onset of plant water stress for each species were very dif-
ferent (table 3.6) and so these are presented here and in the results, although
the outcomes from the nitrogen model were unchanged. The field capacity,
s f c, and the saturated hydraulic conductivity, Ks did not have any effect on
the sum of squares, and so no estimates for these parameters were obtained.
Table 3.6 shows the estimated parameters for the soil moisture model. Note
that the mean soil moisture for the perennial control plot was above the
onset of plant water stress, but below the field capacity (table 3.2), which
is impossible as an equilibrium solution as the outputs can not match the
inputs to the system.
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Both Plots Annual Perennial Sum of squares
sw sh n sws Ew Tmax sws Ew Tmax
0.27 0.19 0.66 0.5 0.27 2.60 0.31 2.31 0.81 0.00283
Table 3.6: Best fitting parameter estimates for the soil moisture model, sepa-
rated by those that were kept the same between annuals and perennials and
those that vary between the two
Expected soil moisture given the parameters estimated from the simula-
tions
To determine the competitive outcome, we need to know the competitive
indices and the relative effect on the soil moisture for each species i.e. we
need to know which species maintains the soil moisture at a higher level.
The data shows that for the inputs seen at Sedgwick, the perennial depletes
the soil moisture to a lower level (table 3.2). However we need to see if this
is the case across a range of water inputs.
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Figure 3.3: Equilibrium soil moisture for the annuals (solid line) and peren-
nials (dashed line) for a range of water inputs using the best fitting parame-
ters from the simulations. Points represent the mean measured soil moisture
for annuals (circle) and perennials (square) at the mean daily water input
(note that this is different for the annual and perennial species for reasons
see section 3.2.4)
Figure 3.3 shows the equilibrium soil moisture values for a range of rainfall
inputs. This shows that the perennial consistently depletes the soil moisture
to a lower level than the annual for the same water input as long as the soil
moisture remains below the onset of plant water stress. As I was unable
to determine the field capacity from the data, I have not included it in this
figure. Once the water input is great enough that the soil moisture should
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be above the onset of plant water stress (i.e. water input is greater than the
sum of maximum evaporation and transpiration rates, which is 2.87 and
3.12 mm/day for the annual and perennial species respectively), then the
equilibrium soil moisture will be greater than the field capacity. This will not
make a difference to order of the species in terms of soil moisture depletion
as the annual species reaches the onset of plant water stress at a lower water
input than the perennial does.
3.2.8 Calculation of the nitrogen active uptake parameters
The nitrogen active uptake parameters, a1 and a2, are estimated using the
equilibrium solutions. Since there is not a long enough time series (these
were measured on three occasions), a similar statistical method to the soil
moisture parameter estimation could not be used.
I use the following notation in the derivation, subscript 1: control plots;
subscript 2: water addition plots; no subscripts: same between the two sets
of plots. Soil moisture, soil nitrogen and plant biomass are assumed to be at
equilibrium. The parameters to be calculated are a1 and a2.
I assume that the plant biomass is at equilibrium and so equation 2.5 is set
equal to zero for both the control and water addition plots, and then these
are solved for a1 and a2:
αNNi
Wi
(T (si)+a1sia2)−mPPi = 0 (3.4)
for i= 1,2
This is rearranged to give:
a1s
a2
i =
mPPiWi
αNNi
−T (si) (3.5)
for i= 1,2
Taking logs gives:
lna1+a2 lnsi = ln
(
mPPiWi
αNNi
−T (si)
)
(3.6)
for i= 1,2
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Combining these for i= 1,2 gives
a2 =
lnK1− lnK2
lns1− lns2 where Ki =
mPPiWi
αNNi
−T (si) (3.7)
Once we have this estimate for a2 we can substitute this back into equation
3.5 and rearrange to obtain an estimate for a1.
a1 =
mPP1W1
αNN1 −T (s1)
s1a2
(3.8)
These parameters were estimated using the best fitting soil moisture param-
eters for the annual and perennial species and are shown in table 3.7
a1 a2
Annual 0.00242 -9.980
Perennial 37.75 0.686
Table 3.7: Estimates of nitrogen active uptake parameters using the best
fitting soil moisture parameters from the soil moisture model
3.3 Results
3.3.1 Competitive Indices
The competitive indices for each species were calculated, both as a resident
and as invasives in the other species plots. The competitive indices can be
seen in table 3.8. The annual species has the higher competitive index as
a resident (compared with the perennial as an invasive) and as an invasive
(compared with the perennial as a resident), which means that the annual
should be able to both resist invasion when it is resident and invade a peren-
nial plot when it is exotic, at the mean soil moisture during the growing
season.
Since the soil moisture is variable through the growing season, the values
for the competitive index for the average soil moisture may not give an ac-
curate reflection of the outcome of competition for nitrogen between the
annual and perennial species. Figure 3.4 shows the competitive index for
the mean set of parameter estimates for the range of soil moisture to the
61
Chapter 3 Californian Grasslands
Annual Perennial
Resident 6433 3713
Invasive 8869 3792
Table 3.8: Calculated competitive indices for the annual and perennial
species as residents and invasives using the best fitting parameters from
the simulations
date at which the biomass estimates were taken (0.28 - 0.45). Since the ni-
trogen parameters are estimated for the mean soil moisture values which
are between 0.33 and 0.35 for the mean method, the competitive index far
outside of this range has to be treated with caution as the range of validity
of the parameters needs to be considered.
Robustness of the competitive indices
The robustness of the results of the competitive indices was assessed by
varying the parameters used in its calculation by ±10%. Figure 3.4 shows
the maximum range that the competitive index can take when the parameter
values, a1, a2, mp and actual transpiration from the plot are varied by±10%.
This shows that whilst the value of the competitive index does change with
these variations, the relative behaviour of the competitive indices of the an-
nual and perennial species does not vary. At low soil moisture the annual
species have the higher competitive index and at higher soil moisture the
perennial species have the higher competitive index. The ranges of the com-
petitive index overlap at the average soil moisture seen at Sedgwick, which
means that the competitive outcome could be either competitive exclusion
by the annual or coexistence, if the parameters are within the ±10% vari-
ation. Table 3.9 shows the percentages of each competitive outcome at the
calculated soil moistures from 100,000 random variations of the parameters
within 10% of their estimated values (there are no instances of alternative
stable states as the actual soil moisture means were used for each species).
This shows that the most likely outcome at these soil moistures, even with
uncertainty about the exact values of the parameters, is competitive exclu-
Annual Dominant Coexistence Perennial Dominant
Percentage 76.98 14.23 8.79
Table 3.9: Percentage of each competitive outcome when the parameters
randomly vary within 10% of their estimated value for 100,000 repetitions
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Figure 3.4: a) The competitive indices for the annual (decreasing solid line)
and perennial (increasing solid line) species, with the dashed lines repre-
senting the max and min values of the competitive index when the param-
eters are varied by 10%. The square points represent the competitive index
for the annual, the triangular points represent the perennial, as a resident
(solid point) and invasive (transparent point) at the soil moistures seen at
Sedgwick. b) The growth rate of the annual (dashed line) and perennial
(solid line) as an invasive across a growing season rainfall gradient (this
takes into account the difference in access to soil moisture that arrived prior
to the growing season. See appendix B pg 138 for details on the calculation).
Vertical lines represent the 2001 rainfall at Sedgwick (0.543 mm/day), and
the switching point from competitive exclusion by the annual to coexistence
(0.74 mm/day).
sion of the perennials by the annuals.
3.3.2 Differences between the Annuals and Perennials
Tables 3.1 and 3.2 show the values of the variables and parameters that have
been calculated from the data. We found that the perennial species depleted
the soil moisture more than the annuals. Through the period considered, the
perennials lowered the percentage saturation of the soil significantly more
than the annuals (0.209 and 0.134 respectively, p=0.005). In areas of low or
no leaching, the model predicts that the environmental conditions should
predominantly determine the level of inorganic nitrogen in the soil, which is
what we found in these plots since the difference in the depletion of nitrate
of 0.382 mg/kg soil (used to calculate the inorganic nitrogen concentration)
between the species was not significant (p=0.547).
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Whilst the difference in maximum rates of transpiration between the species
is large, the actual transpiration rates at the mean soil moisture are similar,
0.837 and 0.81 mm/day, for the annual and perennial species. This means
that the annual species have a higher rate of passive nitrogen uptake, but the
main difference in nitrogen uptake comes from active uptake. The annual
species take up 460mg/m2/day compared to the perennials 74mg/m2/day via
active uptake. This difference is necessary due to their greater tissue death
rate (three times greater than the perennial) and results in the nitrogen in
their biomass being nearly twice as large as that in the perennial biomass
(26.7 g/m2 compared with 14.9 g/m2).
In terms of absolute biomass, at the end of the 2003 growing season, the
perennials had a significantly higher shoot biomass (+182 g/m2 dry weight)
in the water addition plots that they were initially seeded in (p=0.003) than
the control plots, and the annual invasives to these plots were lower in shoot
biomass (-208 g/m2 dry weight), but not significantly (p=0.099). In the plots
in which the annual was the resident, the perennials had a higher shoot
biomass (+44 g/m2 dry weight) in the water addition plots and the annuals
had a lower shoot biomass (-45 g/m2 dry weight), although neither of these
were significant (p=0.249 and p=0.427 respectively).
3.4 Discussion
The results from the model using the parameters derived from the Sedgwick
experiments show that the annual species should competitively exclude the
perennial species at the mean soil moistures seen in 2001 during the growing
season. This can be extended to look at the competitive index through a
range of soil moistures which show that the annual species is the better
competitor for nitrogen at lower soil moistures and the perennial species at
higher soil moistures (figure 3.4).
The data shows that the perennial species depletes the soil moisture to a
lower level than the annual species (table 3.1). The model predicts that an-
nuals should dominate at low soil moisture whereas perennials dominate
at high soil moisture (figure 3.4), so each species harbours conditions more
favourable to its competitor and so the competitive outcome is restricted
to either competitive exclusion or coexistence. If the soil moisture is low
enough then we should see competitive exclusion of the perennial by the
annual, and as the soil moisture increases it should move into a period of
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coexistence. Whilst the actual switching point of competitive dominance
between the species is subject to variation in the parameter estimates, the
qualitative result is not. The annual species remained the better competitor
at low soil moisture and the perennial species at high soil moisture.
The experimental results show that the perennial species depleted the soil
moisture significantly more than the annual species in 2001 (results above)
and 2003 (Seabloom et al., 2003). The perennial also depleted the inorganic
nitrogen to a lower level than the annual species although this was insignif-
icant. If the outcome of competition for nitrogen and water was considered
independently then the perennial species would be thought to be compet-
itively superior. It is the combination of the competition model with the
ecosystem model that shows that in fact the annual species is the superior
competitor at lower soil moisture when these two resources interact.
We note that the annual species has a negative value for a2, one of the ac-
tive uptake parameters (table 3.7). This means that, as the soil moisture
increases, the annual species active uptake decreases. This could indicate
that the annual species is in fact less limited by nitrogen than the peren-
nial species, which has a positive value for a2. This conclusion is reinforced
by the plant biomass values in the annual and perennial plots as the annu-
als decrease slightly in biomass with additional water input, whereas the
perennials increase in biomass.
The experimental results seen at Sedgwick show the annual species to have
a higher plant biomass and a higher inorganic nitrogen concentration in
the soil (table 3.1). It is the difference in plant biomass that is dominating
the outcome in this case at the observed soil moisture levels. The annual
species are better at active uptake than the perennial species and hence have
a higher plant biomass and can therefore successfully suppress the growth
of the perennial species.
At low soil moisture we can be confident that the annual species should
therefore suppress the perennial as the perennial is limited by nitrogen and
the annual is the better competitor for this resource. However at higher soil
moisture, once the perennial has a higher competitive index than the an-
nual, these results show that the perennial can obtain enough nitrogen even
in the presence of the annual to invade or to resist the invasion of the an-
nual. If the outcome of competition is still determined by nitrogen at this
point then the perennial will become competitively dominant and should
exclude the annual. However, if this decrease in active uptake of N is oc-
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curring because the annual is becoming limited by a different resource, then
the model will not be able to predict the outcome of competition at these
higher soil moisture values. We hypothesize that since this model indicates
that the perennial is limited by nitrogen, but that at higher soil moisture
the annual can not suppress the growth of the perennial through effects on
the nitrogen level, the competitive outcome at higher soil moisture should
be limited to either competitive exclusion of the annual by the perennial or
coexistence. Competitive exclusion should occur if either the annual is still
predominately limited by nitrogen, or the perennial is the better competitor
for the resource that is limiting the annual. Coexistence should occur if the
annual is the better competitor for the resource that is most limiting it own
growth.
Do these results agree with what has been seen in Sedgwick?
In the Sedgwick experiments, the outcomes were inconclusive as to the com-
petitive hierarchy of species. It appears that the perennials may be seed lim-
ited to a certain extent, as after three years those plots initiated with annu-
als contained a higher biomass of perennials in the plots that had perennial
seed addition (Seabloom et al., 2003). In none of the treatments were either
species actually able to completely exclude the other. This could either be
because the species should be able to coexist in these conditions, or that
the time frame of the experiment was not long enough to see the long term
competitive outcome and that the outcomes observed were dominated by
transient dynamics. The model presented here predicts coexistence or com-
petitive exclusion. The uncertainty surrounding the actual soil moisture
range that promotes coexistence means that we can not determine which
is the case. The model predicts that the transient dynamics are likely to be
complicated with competitive dominance switching between the species in
the growing season and inter-annually with rainfall variations.
The significant increase in plant biomass in the water addition plots for the
perennials at the end of 2003 indicates that the experimental results are in
line with the model results, and that the perennial species is a better com-
petitor when the water input and hence soil moisture is higher. The de-
crease in annual plant biomass as both a resident and invasive in the water
addition plots also indicates that the higher soil moisture negatively affects
them, although this was not significant. Seabloom et al. (2003) shows similar
results in the analysis of the 2002 biomass data, water addition increased the
biomass of the perennials in the annual plots (p< 0.001) and the biomass of
the perennials in their own plots (p< 0.001).
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Tradeoffs
In the previous chapter, this model was shown to exhibit coexistence or al-
ternative stable states when there was at least one of two tradeoffs present.
There had to be a tradeoff between passive and active uptake of nitrogen
or a tradeoff between nitrogen uptake and death rate. The annual species
has a higher tissue death rate and a higher active nitrogen uptake rate than
the perennial species. It also maintains the soil moisture at a higher level
than the perennial species. Whether the annual species has a higher passive
uptake rate than the perennial species depends upon the soil moisture level
being considered. At high soil moisture the annual species will have the
higher transpiration rate and at low soil moisture the perennial species will
have the higher transpiration rate and hence passive uptake rate. There-
fore the tradeoff that results in the period of coexistence is between nitrogen
uptake and death rate: the annuals take up more nitrogen but are not as
efficient at maintaining the nitrogen in their biomass.
Drought as an initiator of the invasion?
Drought has been suggested as a contributor to the initiation of the inva-
sion of the Californian grasslands by these annual species (D’Antonio &
Vitousek, 1992; Jackson, 1985). This model predicts that drought should
certainly have facilitated the invasion of the annual species as this would
have lead to low soil moisture over several years, which the model indi-
cates should lead to competitive dominance of the annuals.
Rainfall in California
The annual rainfall in the 2000/01 season at Sedgwick was 493mm. This
is slightly below the mean rainfall from the previous 50 years (506mm/yr).
The model results indicate that at the mean water input level and soil mois-
ture level for this area of California we are likely to find either coexistence or
competitive exclusion by the annual. This means that an attempt to restore
perennial grasslands is likely to result in at best a mixed community if the
rainfall and soil moisture regime remains at this mean level.
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Figure 3.5: Annual rainfall (mm) at Sedgwick from 1952-1999, dashed line
shows the mean of 506mm
Grasslands in the future
With the climate changing, we considered what this model will predict will
happen to Californian grasslands in the future. We consider how the water
cycle and in particular the soil moisture is likely to change.
There is little consensus in the literature on the future of precipitation in
California with climate change. The global climate models (GCMs) used in
the Intergovernmental Panel on Climate Change (IPCC) analysis predict an
increase or decrease in total precipitation depending upon the model and
emission scenario used (Cayan et al., 2006). Maurer (2007) used 11 GCMs
under two CO2 emission scenarios, B1, lower emissions, and A2, higher
emissions and found that average annual precipitation showed a small in-
crease under the lower emission scenario (B1) for 2011-2040, and a similar
decrease for 2041-2070. There were no statistically significant changes in the
other cases, although there was a pattern of slight increases in southern Cal-
ifornia to slight decreases in northern California. There is a large discrep-
ancy between individual model projections, Hayhoe et al. (2004) showed
two GCMs (HadCM3 and PCM) projecting a 157mm decrease and 38mm
increase respectively in average annual precipitation by the end of the 21st
century.
The strong seasonality observed in the precipitation regime in California is
projected to remain the same compared with latter 20th century variabil-
ity (Cayan et al., 2008), although Maurer (2007) found a decline in April-
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June precipitation and an increase in December-February precipitation. This
would lead to higher soil moisture at the start of the growing season and
lower soil moisture towards the end, which could promote coexistence, and
hide any changes in competitive dominance in the short term, but shouldn’t
have any effect in the long term. Extreme rainfall events are projected to
increase (Kim, 2005; Cayan et al., 2008) or remain the same (Hayhoe et al.,
2004). The interannual to interdecadal variability of precipitation is not
shown to change in the 21st century (Cayan et al., 2008).
The model presented here predicts that increasing the rainfall should in-
crease the soil moisture, and decreases in rainfall should decrease the soil
moisture, and that this will affect the competitive outcome with increases
in soil moisture favouring the perennial species and decreases favouring
the annual species. There is not yet convincing evidence of the direction or
magnitude of the likely change in precipitation in California. As the inter-
annual variability in rainfall is likely to remain the same, changes in com-
petitive outcome may be slow to be shown as the system may be dominated
by transient dynamics as the climate changes.
Li et al. (2007) showed that the expected soil moisture for California varies
widely between models used in the IPCC Fourth Assessment with percent-
age changes of between -18% and +30% in soil moisture between 2060-2999
and 1960-1999. Their work also shows the inability of these models to repli-
cate observed soil moisture patterns in the late 20th century, when forced
with the known climate, so for the purposes of this investigation there is
little confidence in even these wide ranging projections.
Whilst the projections of precipitation differ between models, there is more
consistency in the projected temperature changes in California with end of
century temperatures increasing an average of 3.7 degrees for a higher emis-
sion scenario and 2.4 degrees for a lower one (Maurer, 2007). Summer tem-
peratures increase more than winter temperatures. This will obviously have
an effect on the soil moisture. Increased temperatures should lead to in-
creased evapotranspiration and hence lower soil moisture. However, given
the correlation in increasing CO2 and increasing temperatures, we have to
consider the effects of increased CO2 at the same time. Increased CO2 can
lead to either greater or lower plant water uptake as plant responses to in-
creased atmospheric CO2 include reducing their stomatal openings (Field
et al., 1995) which leads to lower transpiration, and increased plant biomass
which leads to increases in transpiration. There is no correlation between
projected temperature and precipitation changes (Cayan et al., 2008), so we
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would not expect to see hotter dryer years and cooler wetter years or vice
versa, so the effects of changes in precipitation and temperature will not
necessarily be compounded. A further confounding factor is the increase in
solar dimming with increased CO2 which lowers the evaporative demand
and hence increases the soil moisture (Li et al., 2007).
This leaves little scope for generalisations on the impacts of climate change
on the state of the grasslands in this area. Since changes in precipitation
in this area are highly uncertain, and the effects of changes in precipitation
and other climate variables are also uncertain, we are unable to say whether
these grasslands will continue be dominated by invasive annuals or if native
perennials will be able to re-establish or if we will see coexistence in the
future.
Soil Moisture Parameters
The differences between the parameters estimated for the soil moisture model
for the annual and perennial species are striking (table 3.6). The perennial
has a much lower onset of plant water stress than the annual, which is prob-
ably due to its higher root area index. Although the maximum rates of tran-
spiration for the annual are higher than that of the perennial, the transpi-
ration rates at the Sedgwick soil moisture levels are similar for the peren-
nial species. These two differences seem characteristic of the hypothesised
differences between the annual and perennial species in California. The
annuals are thought to be favoured by disturbance and move in and con-
sume available resources quickly and so utilise more soil moisture when it is
available (higher Tmax) but suffer water stress at a higher soil moisture avail-
ability. Perennials are thought to be the better competitors in undisturbed
systems, tolerating a lower soil moisture before becoming water stressed, al-
though unable to take advantage of higher soil moisture availability (lower
Tmax).
The method of parameter estimation used for the soil moisture model is
not commonly used within ecosystem ecology. Models are usually directly
parameterised from experimental data or from estimates obtained from the
literature. This method allows the equilibrium assumption to be relaxed,
should provide parameters that are more specific to the system that is con-
sidered.
The issues experienced in parameterising the model stem from the differ-
ence in time scales usually considered for ecosystem and community level
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models. Community models do not usually require details of nutrient move-
ment, measurements of the levels to which each nutrient is depleted, and
inputs to the system are usually sufficient. Ecosystem models usually oper-
ate on a longer timescale and so the fluctuations around the mean values are
less significant in estimating total movements of nutrient or energy through
the system. The effect of these fluctuations are likely to change in the future
as the climate changes, and hence the need to understand these effects and
design experiments that can test these models is an important challenge.
Conclusion
Our model and experimental results predict that when competition for ni-
trogen is mediated by soil moisture, perennial grasses should dominate in
grasslands that have higher soil moisture. These predictions are concor-
dant with larger biogeographic patterns of invasion in the Pacific states
of the USA. Most of the hot and dry interior valley grasslands in Cali-
fornia have been heavily invaded by exotic annual grasses (Heady, 1977;
Sawyer & Keeler-Wolf, 1995; Keeler-Wolf et al., 2007). In contrast, the cooler
and moister coastal prairies in northern California are dominated by exotic
perennial grasses (Sawyer & Keeler-Wolf, 1995; Keeler-Wolf et al., 2007), as
are the wet interior valley grasslands of Oregon and Washington (Franklin
& Dyrness, 1973).
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Competition with Temporal
Rainfall Variation
Climatic change caused by anthropogenic emission of greenhouse gases is
likely to affect ecosystems in a variety of ways. Predicting ecosystem re-
sponse to these changes in CO2 concentration, temperature and precipita-
tion is a major current challenge in ecology. Precipitation is predicted to
change in both mean amount and pattern. This chapter focusses on changes
in the variation of precipitation occurence, which is globally predicted to
increase. Both the ecosystem and community response of nitrogen limited
systems are considered. I show that a variety of ecosystem responses are
possible, and that the community responses favour the species that is com-
petitively superior at low soil moisture.
4.1 Introduction
Temporal variability is an inherent feature of ecological systems across all
timescales. Daily fluctuations occur in conditions such as rainfall, tempera-
ture and tides, seasonal fluctuations in mean temperature, amount of light
and stream flow and longer term fluctuations or disturbances can be seen
in the occurrence of events such as volcanoes, wildfires, flooding and more
extreme weather events such as hurricanes, ice storms and tropical storms.
These variations have wide ranging impacts on ecosystems. Community
structure and species richness in grassland ecosystems are sensitive to changes
in rainfall seasonality (Suttle et al., 2007). Temporal variation can both in-
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crease (McEvoy et al., 1993) and decrease (Marchetti & Moyle, 2001) the
probability of invasion and can also affect the speed of invasion (Neubert
et al., 2000). Fluctuations in temperature and soil moisture affect carbon and
nitrogen cycling in the soil (Qi et al., 2002; Austin et al., 2004). Rate of fire oc-
currence and interval between fires affects the community composition in a
California chaparral community (Franklin et al., 2004; Zedler et al., 1983).
Diversity and community structure in intertidal boulder communities is
affected by the frequency of boulder turning events (Sousa, 1979). Wind
induces waves of death and regeneration in balsam fir forests (Sprugel &
Bormann, 1981). Models show that temporal variability in a general multi-
trophic foodweb can cause changes in community structure (Wootton, 1998),
can enhance coexistence (Chesson, 2000; Abrams, 2004) and can allow rare
species to persist (Levine & Rees, 2004).
Global climate models (GCMs) predict major changes in the future climate,
both in mean values and in climatic variation (Easterling et al., 2000; Chris-
tensen et al., 2007). Mean daily temperature is predicted to rise, and the
trend in extreme temperature values, both daily maxima and minima have
shown significant differences from the trend in mean temperature on a re-
gional basis (Brown et al., 2008). Rainfall is projected to increase in high-
latitudes, and decrease in subtropical regions (Christensen et al., 2007). The
distribution of rainfall is projected to change disproportionately to the amount
of rainfall with an increase in extreme events, both one day and multi-day,
projected for many regions (Easterling et al., 2000; Christensen et al., 2007).
The occurrence and severity of other extreme weather events such as cy-
clones and hurricanes is also projected to increase (Emmanuel, 2005; Chris-
tensen et al., 2007).
In the face of the changing climate, analysing species responses to tem-
poral heterogeneity in resource supply has begun to receive a lot of at-
tention. To understand the impact of climate change on an ecosystem we
need to consider both the responses of the system as the mean level of a re-
source changes and the response as the supply rate of that resource changes
through time. This chapter considers the effect of temporal heterogeneity
in the water supply of a nitrogen limited system, looking at both individual
species responses and the outcome of competition.
Chesson (1994) derives two mechanisms by which fluctuations can enhance
coexistence, relative nonlinearity and the storage effect. Fluctuations can en-
hance coexistence via relative nonlinearity when the species with the higher
per capita growth rate in the absence of fluctuations 1) experiences a greater
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decrease or smaller increase in growth rate when fluctuations occur and 2)
generates larger fluctuations in the limiting factor. The storage effect can
enhance coexistence when 1) species have differential responses to the en-
vironment, 2) the intensity of competition and response to the environment
covaries and 3) there is buffered population growth when a species in not
favoured by the environment. The model used here is outside of the scope
of the framework used by Chesson (1994) to separate these effects, as the en-
vironmental and competition factors within the growth rate are interlinked
through the ecosystem model, and species density affects both.
I use the model developed in Chapter 2 with an increasingly variable rainfall
distribution to investigate how the nitrogen dynamics of the system change,
and how temporal variability affects competition in such a system. I con-
sider whether increases in temporal variability affect ecosystem functioning
in this model when coexistence occurred.
The model shows that even with a large variation in the rainfall input to the
system which cause large temporal fluctuations in the soil moisture, the re-
sponse at steady state of the nitrogen cycle is very small. Daily fluctuations
in the plant biomass are consistently small relative to the total biomass. The
mean soil moisture is relatively invariant to changes in rainfall distribution.
There was predominantly a decrease in the mean plant biomass with an in-
crease in temporal variability, although there were a significant number of
cases in which the plant biomass increased.
Competition in the temporally varying environment showed that the species
that is superior at lower soil moisture became increasing dominant even
when taking into account changes in soil moisture. I hypothesize that this
is a result of lower variability in the nitrogen uptake and loss rates by this
species. Temporal variability shows little effect on species complementar-
ity and temporal stability of the two species polyculture compared with the
monoculture simulations.
4.2 Methods
To investigate the impact of changing rainfall distributions on ecosystems in
which water plays a strong role in regulating nitrogen uptake and on water
mediated competition for nitrogen, simulations using the model of the ni-
trogen and water cycles described in Chapter 2 were run in R with different
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rainfall distributions (R Development Core Team, 2007). Firstly simulations
were run for a monoculture of one species with each rainfall distribution,
and secondly simulations were run with two species, to observe how the
outcome of competition and how ecosystem functioning changed.
4.2.1 The Model
The model described in Chapter 2, equations 2.1 and 2.5-2.9, was set up to
run with different rainfall distributions. Due to the computational intensity
of running the model in continuous time, the model was run in discrete
time. The following are the discrete time equations for this model with one
species. The parameters are as described in table 2.1.
Pt+1 = Pt+
αNNt
stnZr
(T (st)+a1s
a2
t )−mpPt (4.1)
Nt+1 = Nt+(1− γ)mMMt− αNL(st)NtWt + IN−dtrNt−
αNNt
Wt
(T (st)+a1s
a2
t ) (4.2)
Ot+1 = Ot+mMMtγ−mOOt f (st)+ IO− αOL(st)OtWt (4.3)
Mt+1 = Mt+mLLt f (st)−mMMt+mOOt f (st) (4.4)
Lt+1 = Lt+mPPt−mLLt f (st) (4.5)
nZrst+1 = st+ I(st , t)−E(st)−T (st)−L(st) (4.6)
Where
Wt = stnZr (4.7)
I(st , t) = min(h,(1− st)) (4.8)
L(st) =
 0 : st < s f cKs st−s f c1−s f c : st ≥ s f c (4.9)
T (st) =

0 : st < sw
Tmax st−swsws−sw : sw ≤ st < sws
Tmax : st ≥ sws
(4.10)
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E(st) =

0 : st < sh
Ew
st−sh
sw−sh : sh ≤ st < sw
Ew : st ≥ sw
(4.11)
d(st) =
 d0 : st < 0.71−d0
0.3 st+
d0−0.7
0.3 : st ≥ 0.7
(4.12)
The soil moisture loss equations were modified in the case that the soil mois-
ture crossed a limit at which a loss should stop occurring (the wilting point,
sw, for transpiration or the field capacity, s f c, for leakage), or increased across
a limit at which the maximum loss should occur (the wilting point, sw, for
evaporation or the onset of plant water stress, sws, for transpiration) when
the updated soil moisture was calculated. For soil moisture decreasing over
a limit, the function was recalculated so that the loss occurred at the origi-
nally calculated rate, but only for the amount of time that the soil moisture
remained above that particular limit. When the soil moisture increased over
one of the limits then the loss occurred at the originally calculated rate until
the soil moisture increased above the limit and then at the maximum rate
for the remainder of the time. Soil moisture was also restricted to remain
between the hygroscopic point, sh and 1.
The functions were not modified when soil moisture increased over the limit
at which a loss should start, because it is not clear at what rate this should
be calculated - since the threshold value of the loss is zero, and the value of
the loss at the newly reached soil moisture can not be used as then when the
soil moisture is recalculated, it will no longer achieve this value, since the
losses are now larger. In the case of leakage, mechanistically it is likely that
the rate will respond to the soil moisture going beneath the field capacity
s f c immediately, whereas if the soil moisture increases over the threshold,
this is because the rainfall input is large enough and so this input will take
a certain amount of time to reach the bottom of the rooting depth and begin
to leak from the system.
Initial parameter sets for the one species simulations were chosen randomly
from within the limits shown in table D.2.
Rainfall Distribution
For each set of parameters, eight simulations were run, with each simula-
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Simulation Name Days Rain Days Dry
cts 1 0
one 1 1
two 1 2
six 1 6
thirteen 1 13
month 1 29
wowo 7 7
hmo 15 15
Table 4.1: Rainfall distributions used. Each rainfall distribution was cyclic
with a certain number of days rain followed by a dry period, with the cycle
then repeated. They all had the same mean daily rainfall.
tion having a different rainfall distribution, as shown in table 4.1. The mean
daily rainfall was kept the same, so the rainfall on days when rain occurred
was not necessarily the same between simulations. A simulation with con-
stant rainfall was run to provide a comparison.
Two methods of varying the distribution of rainfall were simulated. Firstly,
the interval between rainfall events was varied, so rain only occurred on day
one of the cycle, and the length of the dry period was varied. This includes
simulations one, two, six, thirteen and month from table 4.1. This simulates
a climate where there are less frequent but more intense storms. Secondly,
both the length of the dry period and the length of the rainfall event was
varied. This includes simulations one, wowo and hmo from table 4.1. The
rainfall on wet days in each of these simulations was the same, and equal
to twice the daily rainfall of the constant simulation. This is equivalent to
a climate with increased dry spells between rainfall events that are of the
same daily intensity.
Each simulation was run until it reached equilibrium, which was assessed
by setting a limit on how large the difference could be between xt and xt+k
for all of the variables, L, M, N, O, P and s, where k is the period of the cycle.
Both percentage and absolute limits were used, and there were different
limits for s and the nitrogen pools due to the different scales on which they
are measured, shown in table 4.2.
Two Species Simulations
To look at the change in competitive outcome through these changes in rain-
fall distribution, three parameter sets for species that could compete with
77
Chapter 4 Competition with Temporal Rainfall Variation
s N
Absolute 0.000001 0.00001
Percentage 1E-13 1E-13
Table 4.2: Absolute and percentage limits used to check whether the simu-
lations had reached steady state
the original sets chosen were generated. A random set, with no specific
outcome selected, a set in which the competitive outcome should be alter-
native stable states for constant rainfall, chosen using the competitive index
(eqn 2.14), and a set in which the outcome for constant rainfall should be
coexistence, again chosen using the competitive index. The new species pa-
rameters that were chosen were Tmax, a1, a2, and mp. These new parameter
sets were run in initially as one species simulations and then the model was
run for each rainfall distribution with both species present using equations
4.13 - 4.19.
P1t+1 = P1t+
αNNt
stnZr
(T1(st)+a11s
a21
t )
P1t
P1t+P2t
−mp1P1t (4.13)
P2t+1 = P2t+
αNNt
stnZr
(T2(st)+a12s
a22
t )
P2t
P1t+P2t
−mp2P2t (4.14)
Nt+1 = Nt+(1− γ)mMMt− αNL(st)NtWt + IN−dtrNt− (4.15)
αNNt
Wt(P1t+P2t)
((T1(st)+a11s
a21
t )P1t− (T2(st)+a12sa22t )P2t)
Ot+1 = Ot+mMMtγ−mOOt f (st)+ IO− αOL(st)OtWt (4.16)
Mt+1 = Mt+mLLt f (st)−mMMt+mOOt f (st) (4.17)
Lt+1 = Lt+mP1P1t+mP2P2t−mLLt f (st) (4.18)
nZrst+1 = st+ I(st , t)−E(st)− T1(st)P1t−T2(st)P2tP1t+P2t −L(st) (4.19)
Kendall’s Tau
To assess the correlation between variables in the system, Kendall’s τ was
used. This is a rank correlation which measures the likelihood of a increase
in one variable being related to an increase or a decrease in another. The
reason that this statistic was used is that it assesses whether there is a mono-
tonic relationship between the variables (it does not have to be a linear re-
lationship), it makes no assumption about the distribution of each of the
variables, it has an adjustment for variables that are equal, and that it is
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easily interpretable. 1+τ1−τ gives the odds that any two pairs (xi,yi) randomly
selected will be concordant i.e. that if xi > x j then yi > y j. So if τ is posi-
tive then there is a positive relationship between the variables and if τ is
negative then there is a negative relationship.
4.2.2 Invasion and the Lyapunov Exponent
In an equilibrium population, the invasion criterion is simply whether the
growth rate of the invasive species is positive when it is at low density in
a monoculture of the resident species. With the addition of periodic tem-
poral forcing, this needs to be adapted to consider the growth rate over the
whole cycle. I use the rare invader approximation, assuming that the resi-
dent species is at equilibrium (in a cycle) and that if the invasive species is
sufficiently rare then it will not have any effect on the system unless it grows
in size. The size of the invasive population at time t+1> 0 is therefore
Pinvt+1 = P
inv
t +
αNNrest
W rest
(Tinv(srest )+a
inv
1 s
ainv2
res,t)
Pinvt
Prest
−minvp Pinvt (4.20)
To assess whether a species can invade I use the Lyapunov exponent which
measures the local stability of a solution to small perturbations. Here I
take the solution as the monoculture equilibrium cycle of the resident and
the small perturbation to be the addition of the invader and calculate the
Lyapunov exponent to measure whether these two starting points result
in divergent solutions, indicating that the invasive species is successful or
whether the solutions converge, indicating that the resident resists invasion.
The Lyapunov exponent, Λ, for a variable xn where xn+1 = f (xn) is defined
as (Jordan & Smith, 1999)
Λ= lim
N→∞
1
N
N
∑
n=1
ln |∂ f (xn)
∂xn
| (4.21)
Since I assume that the resident system will be unaffected for a small input
of the invasive species, the Lyapunov exponent, Λ, that I calculate is for the
variable Pinvt , which is equal to the following equation.
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lim
T→∞
1
T
T
∑
t=1
ln |1+ αNN
res
t
W rest Prest
(Tinv(srest )+a
inv
1 s
ainv2
res,t)−minvp | (4.22)
If the Lyapunov exponent is greater than zero then we will see divergent
orbits (Jordan & Smith, 1999), which means that the one species equilibrium
is unstable and the invasive species will be able to invade. If the Lyapunov
exponent is less than zero then there will be convergent orbits, meaning that
the system will move back to the one species equilibrium and the invasive
species will be unsuccessful.
Since the solution cycles periodically, the limit as T → ∞ can be taken over
one cycle as xt+k = xt for all the variables x in the system (i.e. Nres, Pres and
sres), where k is the period of the cycle.
So
Λ=
1
k
T
∑
t=1
ln |1+ αNN
res
t
W rest Prest
(Tinv(srest )+a
inv
1 s
ainv2
res,t)−minvp | (4.23)
Since the sum is now finite, this gives
Λ=
1
k
ln
k
∏
t=1
(1−minvp +
αNNrest
Prest W rest
(Tinv(srest )+a
inv
1 s
ainv2
res,t)) (4.24)
where k is the period of the cycle.
The Lyapunov exponent, Λ must be greater than zero for invasion to occur,
so this expression can be simplified to the following invasion criterion.
k
∏
t=1
(1+
αNNrest
Prest W rest
(Tinv(srest )+a
inv
1 s
ainv2
res,t)−minvp )> 1 (4.25)
This has a simple interpretation for this system, as it is equal to the growth
rate of the invasive considered over the whole of the soil moisture cycle,
which must be greater than one.
Note that if k=1 this simplifies to the invasion criterion for constant rainfall.
Equation 4.25 was used to calculate whether each of the pair of species
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should be able to invade a monoculture of the other when the rainfall was
varying. As for the constant rainfall model, the competitive outcome was
exclusion if one species could resist invasion and could invade a monocul-
ture of the other, coexistence if each species could invade a monoculture
of the other and alternative stable states if neither species could invade a
monoculture of the other.
4.2.3 Calculating the Complementarity Effect
Using the results from the two species simulations that showed coexistence,
the complementarity and selection effects were calculated using the addi-
tive method developed by Loreau & Hector (2001). Both the two species
simulations and the respective one species simulations were used.
The net biodiversity effect, ∆Y , is the difference between the observed biomass
in the two species coexistence plots, Yo, and the expected biomass, YE , as-
suming that there is no selection effect or complementarity effect. This bio-
diversity effect can then be partitioned into the complementarity effect and
the selection effect using the following equation:
∆Y = Yo−YE = (
i=2
∑
i=1
Yoi
Mi
−1)M¯+2cov(∆RY,M) (4.26)
where Mi is the monoculture biomass of species i, Yoi is the biomass of
species i in the two species plot, ∆RYi = RYoi−RYEi, RYEi is the expected rel-
ative yield of species i in the two species plot, which is assumed to be 1/2,
and RYoi = YoiMi .
In equation 4.26, the complementarity effect is measured by (
i=2
∑
i=1
Yoi
Mi
− 1)M¯,
and the selection effect is measured by 2cov(∆RY,M).
4.2.4 Ecosystem Stability and the Insurance Hypothesis
To assess whether an increase in biodiversity increases or decreases the tem-
poral stability of the system to changes in rainfall distribution, the coeffi-
cient of variation of the plant biomass was used (Doak et al., 1998; Tilman,
1996; Tilman et al., 1998). If the mean monoculture coefficient of variation
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is higher than that of the total plant biomass in the polyculture, then this
shows that increasing the diversity in this system does lead to greater sta-
bility.
4.3 Results
4.3.1 Monoculture Simulations
Two thousand one hundred parameter sets were generated, and used to
run each of the eight simulations. Of these, one thousand nine hundred and
sixty five converged to equilibrium for all of the eight simulations. Of the
remaining one hundred and thirty five parameter sets, twenty seven had
pool sizes that went to infinity and one hundred and eight did not converge
to equilibrium in the time frame allowed and these were all discarded for
the rest of the analysis.
For each parameter set, the soil moisture simulations with varying rainfall
(from here these will be referred to as the varying simulations) were com-
pared to the simulation with continuous rainfall (referred to as the cts soil
moisture). The comparison is restricted to the dynamics of each of the pools
once steady state is reached.
The soil moisture dynamics vary as a result of the different rainfall distribu-
tions, demonstrating cycles of the same period as the rainfall distribution.
These soil moisture cycles then generate cycles in the nitrogen pools. Figure
4.1 shows the dynamics of the soil moisture, s, (a-c), inorganic nitrogen, N,
(d-f) and plant biomass, P, (g-i) for one simulation. Note the differing y axis
scales for inorganic nitrogen and plant biomass, used to show the dynamics
more clearly.
4.3.1.1 Pool Size Variation
The amount of variation in each of the nitrogen pools and the soil moisture
was quantified using the coefficient of variation. Figure 4.2 shows the coeffi-
cient of variation for the soil moisture, inorganic nitrogen and plant biomass
pools for each of the rainfall distributions. Note the change in scale on the y
axis.
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Figure 4.1: a)-c) Soil Moisture, d)-e) Inorganic nitrogen and g)-i) Plant
biomass dynamics for all simulations of one parameter set at steady state.
Note the different y axis scales for plant biomass and inorganic nitrogen. a),
d) and g) show the cts (solid line), two (dotted line) and six (dashed line)
simulations. b), e) and h) show the thirteen (dotted) and month (dashed)
simulations. c), f) and i) show the wowo (seven days of rain, seven days
dry) (dotted) and hmo (fifteen days of rain, fifteen days dry) (dashed) sim-
ulations. Horizontal dotted lines on the soil moisture plot show the field
capacity s f c, onset of plant water stress ssw, wilting point sw and hygroscopic
point sh
It is clear from figure 4.2 that the coefficient of variation of each of the pools
increases as the variation in the rainfall increases. The medians of the coef-
ficient of variation for all of the rainfall variations and each of the pools are
all significantly different from each other (pairwise wilcox test, p < 1e−12,
holm adjustment for multiple comparison). The order of size of the coeffi-
cient of variation for the rainfall distributions as follows: one< two<wowo<
six < thirteen< hmo< month for soil moisture and one< two< six < wowo<
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Figure 4.2: Mean coefficient of variation for soil moisture, inorganic nitro-
gen and plant biomass for each of the rainfall distributions over the 1965
randomly chosen parameter sets. Error bars represent ±1 SE, n=1965 for
each bar.
s N P
one-two 0 86 85
two-six 1 2 0
six-thirteen 1 0 0
thirteen-month 2 1 0
one-wowo 5 1 0
wowo-hmo 0 1 0
Table 4.3: Number of parameter sets that showed a decrease in the co-
efficient of variation between the simulations listed (number of compar-
isons = 1965), for the soil moisture, inorganic nitrogen and plant biomass
pools. All are significantly different from a random 50-50 split (χ2 test, df=1,
p< 1e−16)
thirteen< hmo< month for both plant biomass and inorganic nitrogen.
Table 4.3 shows the number of parameter sets that showed a decrease in
the coefficient of variation, as the rainfall variation increased between the
simulations listed, for soil moisture, inorganic nitrogen and plant biomass.
The two methods of rainfall variation are compared separately and both
show significant increase in the coefficient of variation of each pool as the
variability in rainfall increases.
The coefficient of variation of the soil moisture is higher than that of the
plant biomass in all but 24 simulations (total = 13755) and is higher than that
of the inorganic nitrogen in all but 548 simulations. A Mann-Whitney test
of the median difference between the coefficient of variation for the plant
biomass and that of the soil moisture (across all simulations) shows that this
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is significantly different from zero, p< 1e−16, with a 95% confidence inter-
val for the median of (0.038,0.041). In comparison the median coefficient of
variation of the plant biomass pool across all simulations is 0.0006.
4.3.1.2 Soil Moisture Dynamics
The range of soil moisture demonstrated in each of the varying simulations
at steady state must include the mean soil moisture from the respective con-
tinuous model, otherwise the losses and inputs to the system will not match.
This is because the total input to the system is the same for all the simula-
tions when considered over a whole number of cycles, and because the soil
moisture losses when considered as a function of the soil moisture is in-
creasing (fig 4.3). If the soil moisture range did not include the continuous
mean then it would either be strictly greater or strictly less than it, in which
case the soil moisture losses will be too large or too small respectively and
would not balance the inputs to the system. Whether the cts mean value lies
at the top, bottom or in the middle of the range of soil moisture shown for
each set of simulations is dependent on the particular parameter values of
that system.
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Figure 4.3: Loss rate of soil moisture as a function of soil moisture. The
dashed line shows the expected loss rate if the loss function above s f c had
continued below that level
The mean soil moisture of the varying simulations showed some changes as
a response to the variation in water input to the system. As the time between
rainfall events (and the depth of each) event increases, the more likely it is
that the mean soil moisture will be different to the cts soil moisture (table
D.1). The direction of the change in mean soil moisture is a result of the par-
ticular limits (s f c, sws, sw and sh) that the varying soil moisture crosses. This
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is because the soil moisture losses change when these limits are crossed. Of
all the varying simulations 49% (6739 of 13755) had a different mean s to cts
s. There was no significant difference in the number of simulations showing
an increase in mean soil moisture with respect to the cts soil moisture (3311)
and those showing a decrease (3428) (χ2 = 2.0313,d f = 1, p= 0.154).
The reason that the mean soil moisture for each of the varying simulations
may not be equal to the continuous soil moisture is dependent upon the
losses from the system. If the soil moisture varies only between two con-
secutive limits of the system i.e. between sh and sw, sw and sws, or s f c and 1,
then the losses from the system are linearly dependent on the soil moisture
(fig 4.3). And it can be shown that the only way that the losses can equal the
input is if the mean soil moisture is the same as cts s (see appendix D.1).
When the rainfall variations push the soil moisture across a switching point
for the losses (sw, sws or s f c) then the soil moisture mean will be higher or
lower than the cts mean. Whether the mean is higher or lower than the
cts soil moisture depends on whether the loss from system when the soil
moisture crosses the switching point away from cts s, increases or decreases.
Table 4.4 shows the expected change in mean soil moisture when each of the
limits is crossed. Further details are in appendix D.1.
As the rainfall variations increase, the soil moisture can cross two or more
switching points. This means that the direction of change of the mean soil
moisture is dependent upon the relative size of the losses when the soil
moisture is above and below each of the switching points. Therefore it is
possible for the mean soil moisture to first increase as the rainfall variation
increases and then decrease once it gets past a certain point, or vice versa.
Table 4.5 summarises the predictions for changes in the mean soil moisture
with respect to the boundaries that the varying soil moisture crosses and
the number of simulations that show that behaviour. The simulations with
soil moisture that crossed one limit were separated according to whether
Limit Crossed Change in Mean s
Field capacity Decrease
Onset of plant water stress Increase
Wilting point Depends on specific parameters
Table 4.4: Changes in mean soil moisture as the range of soil moisture
crosses a limit
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Case Prediction Cases Observed Percentage where pre-diction holds
No limits
crossed
cts s =s 7198 100
One limit crossed
cts s < s 2148 88.0
cts s > s 2344 94.5
Two or more
limits crossed
Unknown 2065 N/A
Table 4.5: Predictions for soil moisture losses and cases observed
the mean soil moisture should increase or decrease.
The cases in which the soil moisture crossed a limit but the prediction as to
the direction of change of the mean soil moisture does not hold are due to
the small modifications made to the loss functions in the case that the loss
should stop or if the function should reach a maximum between t and t+1,
described in section 4.2.1. For example, the leakage rate was modified when
the soil moisture decreased over the field capacity, s f c to only occur for the
proportion of the time step that s> s f c. In some cases this modification led to
an increase in mean soil moisture rather than a decrease. This is because this
makes the function no longer linear close to s f c, and the losses at the time
step when the soil moisture decreases over s f c are lower than they would
be if the rainfall was occurring continuously, as in fig 4.3. There are sim-
ilar changes for the other soil moisture limits which were modified. This
occurred more frequently when the rainfall occurred frequently i.e. small
variations as the modification made up a greater proportion of the losses
(or otherwise) over the cycle than for the larger variations.
Direction and Magnitude of the Change in Mean Soil Moisture
Intuitively, the magnitude change in mean soil moisture should not depend
on the value of the cts soil moisture, but rather on the magnitude of the
variations in input and on the proximity to the soil moisture limits (sh, sw, sws
and s f c). The value of the change in soil moisture should be more dependent
upon the cts mean s as the direction of change is determined by which limit
the soil moisture crosses. For parameter sets with high cts mean s, it is more
likely that cts mean s will be above the field capacity, s f c, and hence the
difference in mean soil moisture must be less than or equal to zero. For
lower values of cts mean s, the difference can also be positive.
Table 4.6 shows the value of Kendall’s τ when considering the relationship
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Absolute difference Magnitude of difference
τ sig τ sig
one -0.105 *** 0.184 ***
two -0.244 *** 0.136 ***
six -0.295 *** 0.049 ***
thirteen -0.317 *** 0.021
month -0.310 *** 0.036
wowo -0.300 *** 0.046 ***
hmo -0.283 *** 0.020
Table 4.6: Kendall’s τ for relationship between the cts soil moisture and
difference in mean s, and cts soil moisture and magnitude of difference in
mean s for each of the rainfall distributions. The significance is indicated
using the Bonferroni correction for multiple comparisons, with *** being
significant at the 0.05 level.
between the cts mean soil moisture and the magnitude of the difference be-
tween the cts soil moisture and that of each of the other simulations. Whilst
the values of Kendall’s τ were significantly different from zero for one, two,
six and wowo, and non-significant for thirteen (p= 0.20), month (p= 0.019)
and hmo (p = 0.21), the values of τ indicate that the relationship between
increasing cts mean s and magnitude of the difference in mean s is not very
strong and that it decreases as the variation in rainfall increases. The largest
value of τ , 0.184 means that it is only 1.45 times as likely that a parameter
set with a higher cts mean s will also have a difference in mean s between
the cts and one simulations that is larger than a randomly chosen parameter
set with a smaller cts mean s. Note that whilst the Bonferroni correction is
considered highly conservative, the only result that changes in significance
when this is applied is the relationship between the cts mean soil moisture
and the magnitude of the difference between cts s and that of the month sim-
ulations. This value of τ (0.036) is close to zero anyway, so the conclusions
are unchanged.
Table 4.6 also shows the value of Kendall’s τ when considering the relation-
ship between the cts mean soil moisture and the actual difference between
the cts soil moisture and that of each of the other simulations. These were all
significantly different from zero (p< 0.0001), and the more negative values
e.g. -0.32 for the month simulations indicate that it is almost twice as likely
to see a parameter set with a larger cts mean s having a smaller (including
more negative) difference to that of a parameter set with a smaller cts mean
s.
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These two results together can explain the positive percentage change in
mean soil moisture and negative mean absolute change in soil moisture
which is seen in the varying simulations (shown in D.2). Since the magni-
tude of the change is fairly invariant with changes in cts mean soil moisture,
this means that the parameter sets with lower cts soil moisture will have a
higher percentage change in mean soil moisture as the rainfall varies. Since
these parameter sets are also more likely to show an increase or smaller de-
crease than those sets with larger cts mean s, this explains the positive mean
percentage change in mean soil moisture for the simulations six, thirteen,
month, wowo and hmo, given the negative mean actual changes.
4.3.1.3 Nitrogen Dynamics
The nitrogen pools vary as a result of the changes in the soil moisture. All
pools demonstrate cyclic dynamics following the soil moisture. Figure 4.1
shows the plant biomass and the inorganic N pools for one parameter set.
Different limits on the y-axis for both the plant biomass and the inorganic
nitrogen are used so that more of the variation through the cycles can be
seen. The variation within each of the cycles is small in comparison to the
difference between the mean plant biomass for each simulation. Note that
in the nitrogen cycle, unlike the soil moisture dynamics, the range of values
taken for each of the pools does not have to include the cts pool size.
Plant Biomass Dynamics
There appears to be no overarching rule about the response of the nitrogen
pools to increasing variation in rainfall. Table 4.7 shows median percentage
change in plant biomass from the cts simulation, and the number of simula-
tions that showed an increase and decrease in plant biomass, split by rainfall
distribution. This shows the tendency of plant biomass to decrease with in-
creasing rainfall variation, but there is a lot of variation. The full range of
this variation is shown in figure 4.4.
Inorganic Nitrogen Dynamics
Table 4.8 shows the median percentage change from the cts inorganic nitro-
gen and the number of simulations that showed a decrease and increase in
inorganic nitrogen compared to the cts inorganic nitrogen for each of the
rainfall simulations. Whilst there is considerable variation in the response
of the inorganic nitrogen pool to the variation in rainfall, including some
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Decreased Increased Median
one 1141 824 -0.004
two 1234 731 -0.012
six 1393 572 -0.100
thirteen 1463 502 -0.419
month 1509 456 -2.133
wowo 1375 590 -0.103
hmo 1448 517 -0.455
total 9563 4192
Table 4.7: Number of simulations that showed an increase and decrease in
plant biomass compared with the cts simulation, and the median percentage
change from the cts plant biomass
Decreased Increased Median % change
one 353 1612 0.007
two 372 1593 0.009
six 444 1521 0.010
thirteen 543 1422 0.009
month 722 1243 0.006
wowo 457 1508 0.010
hmo 539 1426 0.008
total 3430 10325
Table 4.8: Number of simulations that showed an increase and decrease
in inorganic nitrogen compared with the cts simulation, and the median
percentage change from the cts inorganic nitrogen
large percentage changes, the interquartile range of the percentage changes
shows that these changes were usually very small (fig 4.5).
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(b) The y-axis limited to ±50% percentage
changes
Figure 4.4: Percentage changes in mean plant biomass from the cts simula-
tion, a) shows the full range of percentage changes, b) limits the y-axis to
±50% to allow the dynamics of the interquartile range to be observed. Me-
dians are marked by the thick line, the box represents the interquartile range
and the whiskers extend to 1.5 times the interquartile range or the furthest
outlier, whichever is shorter, n=1965 for each box.
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Figure 4.5: Percentage changes in mean inorganic N from the cts simulation,
a) shows the full range of percentage changes, b) limits the y-axis to ±0.5%
to allow the dynamics of the interquartile range to be observed. Medians are
marked by the thick line, the box represents the interquartile range and the
whiskers extend to 1.5 times the interquartile range or the furthest outlier,
whichever is shorter, n=1965 for each box.
91
Chapter 4 Competition with Temporal Rainfall Variation
Decreased Increased Median % change
one 882 1083 0.002
two 1000 965 -0.001
six 1182 783 -0.016
thirteen 1279 686 -0.106
month 1368 597 -0.924
wowo 1192 773 -0.019
hmo 1288 677 -0.136
total 8191 5564
Table 4.9: Number of simulations that showed an increase and decrease
in total nitrogen in the system compared with the cts simulation, and the
median percentage change from the cts simulation
Total Nitrogen Dynamics
Table 4.9 shows the change in total nitrogen in the ecosystem for each rain-
fall distribution, both median changes and number increased and decreased
compared to the cts simulations. For small variation in rainfall, the percent-
age change is very small. This can be seen by the interquartile range for the
percentage change of the one day interval simulations from the cts simula-
tions being (-0.017,0.020). The corresponding range for the month simula-
tions is (-10.79,0.033) (fig 4.6). This indicates that there is likely to be little
change in the total nitrogen in the system with small changes in rainfall,
and both increases and decreases can be seen. As the variability increases
we are more likely to see a decrease in total N in the system, but there is a
lot of variability in this result.
Covariance of Soil Moisture, Plant Biomass and Inorganic N
To investigate whether the changes in plant biomass and inorganic nitrogen
from the cts simulations were caused by the changes in mean soil moisture
from the continuous simulations, I looked at whether there was a relation-
ship between the changes in mean soil moisture and each of the plant and
inorganic nitrogen pools.
As the distributions of soil moisture, plant biomass, inorganic N, and the
differences of each of these from the equivalent cts pool sizes were non nor-
mal, the covariance of these could not be compared. To consider whether
there was a monotonic relationship between changes in each of these vari-
ables, Kendall’s τ was calculated. Both the percentage changes and absolute
changes were used, and gave qualitatively the same results, table 4.10 shows
92
Chapter 4 Competition with Temporal Rainfall Variation
lll
l
l
l
l
l
l
lllll
l
l
l
l
l
l
l
l
l
l
l
ll
l
lll
ll
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
ll
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
ll
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
o
n
e
tw
o
si
x
th
irt
ee
n
m
o
n
th
w
o
w
o
hm
o
−100
0
100
200
300
400
(a) Full range of percentage changes
ll
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
ll
l
l
l
ll
ll
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
ll
l
ll
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
o
n
e
tw
o
si
x
th
irt
ee
n
m
o
n
th
w
o
w
o
hm
o
−40
−20
0
20
40
(b) The y-axis limited to ±50% percentage
changes
Figure 4.6: Percentage changes in mean total N in the system from the cts
simulation, a) shows the full range of percentage changes, b) limits the y-
axis to±50% to allow the dynamics of the interquartile range to be observed.
Medians are marked by the thick line, the box represents the interquartile
range and the whiskers extend to 1.5 times the interquartile range or the
furthest outlier, whichever is shorter, n=1965 for each box.
Kendall’s τ for the percentage changes in s, plant N and inorganic N.
Whilst most of the values of τ are significantly different from zero, with the
exception of the relationship between inorganic N and soil moisture for the
thirteen (p= 0.26) and hmo (p= 0.20) simulations, the majority of these do
not show a strong relationship. The strongest relationship is between the
changes in soil moisture and plant biomass. There is between 1.9 (two) -
2.20 (wowo) odds of disconcordance, excluding those two sets that show a
weaker relationship (one and month). This means that it is approximately
twice as likely that a simulation showing a greater increase in mean soil
moisture than a second simulation, will show a smaller (or more negative)
increase in plant biomass than that same simulation.
Nitrogen Losses from the System
To try and explain both the changes observed in the mean plant biomass,
and the relationship between increased soil moisture and decreasing plant
biomass shown above, I analysed the nitrogen losses from the system. Since
the plants are nitrogen limited, as the loss rate of the system increases, I
would expect the plant biomass to decrease. I considered each loss mech-
anism, inorganic leaching, denitrification and organic leaching, in turn and
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Plant N and s Inorganic N and s Plant N and Inorganic N
τ sig τ sig τ sig
one -0.096 *** -0.054 *** 0.176 ***
two -0.311 *** -0.146 *** 0.125 ***
six -0.360 *** -0.095 *** 0.087 ***
thirteen -0.341 *** -0.018 0.139 ***
month -0.229 *** 0.070 *** 0.266 ***
wowo -0.375 *** -0.053 *** 0.048 ***
hmo -0.322 *** -0.020 0.071 ***
Table 4.10: Kendalls τ for changes in soil moisture, plant biomass and in-
organic N. Significance is indicated by *** at the 0.05 familywise error rate,
corrected for multiple comparisons using the Bonferroni correction.
the effects of varying soil moisture and changes from the cts soil moisture
on them. Of the simulations that had an increase in the nitrogen loss rate, a
significantly higher proportion had a decrease in plant biomass (79.1%) than
expected (69.5%) given the outcomes of all the simulations. Full results and
the description of the analysis is in appendix D.4.
4.3.2 Two Species Simulations
Three sets of simulations were run in which the system was initiated with
two species. Three additional sets of the parameters Tmax, a2, and mp were
generated. The first set were randomly generated from the same distribu-
tions as before, the second set were chosen so as the cts simulations should
exhibit alternative stable states, and the third set were chosen so as the cts
simulations should exhibit coexistence. From chapter two there are two
trade-offs that can lead to alternative stable states or coexistence, a trade-
off between active and passive uptake and a trade-off between uptake and
nitrogen maintenance in the plant. The coexistence and alternative stable
state parameter sets included both types of trade-off.
The maximum rate of transpiration was chosen randomly from within a
range of 0.6 around the original species Tmax, then either the death rate, mp
or the active uptake parameter a2 were chosen randomly from within the
limits that should show coexistence or alternative stable states depending
on the parameter set.
The two species simulations for the coexistence and random parameter sets
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Percentage agreement
Run Converged with lyapunov
predictions
Random 1850 1807 99.5
Coexist 2137 470 98.4
Alt SS 681 (505;347) 86.0
Table 4.11: Two species simulations run, converged and the percentage
agreement in outcome with the lyapunov exponent prediction. The two fig-
ures for the Alt SS parameter set refer to the simulations started with each
species as the resident.
were started from randomly chosen initial pool sizes within the ranges of
half the smallest of the two monoculture pools and 1.5 times the larger of the
two monoculture pools, except for the plant pools, in which the limits were
half this size. Two sets of simulations for the alternative stable states param-
eter sets were run, the first were initiated with the monoculture steady state
pool sizes for species 1 and a random percentage between 1 and 20% of the
monoculture biomass of species 2, and the second set were similarly set up
for the species the other way around. The same limits for convergence were
used as for the one species parameter sets (table 4.2).
The additional parameter sets were also used to run one species simula-
tions, from which the lyapunov exponents were calculated to predict the
competitive outcome, as described in section 4.2.2.
Table 4.11 shows the number of each type of simulations run (this is equal
to the number of one species simulations that I ran and converged for each
parameter set), the number converged and the percentage with outcomes
that match the predictions from the lyapunov exponent. From here I will re-
fer to the parameter sets as random, alternative stable state and coexistence,
referring to the expected outcome of the cts simulations.
Of the alternative stable state parameter sets, more of the sets initiated with
species 1 as the resident and species 2 as the invader converged than those
initiated the other way around. This is likely due to the higher percentage
of simulations that should show competitive exclusion by species 1 than by
species 2. Those started with species 2 as the resident will take longer to
exclude species 2 than those that start with species 1 as the resident as they
are closer to the equilibrium.
Both the random parameter set and the coexistence set showed very strong
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agreement with the Lyapunov exponent predictions (table 4.11). The ran-
dom parameter set converged much more frequently, as there was usually
one species that was a much stronger competitor throughout the rainfall
distributions. The alternative stable state set did not agree as often with
the Lyapunov exponent as the other parameter sets. In 55% of cases this is
probably due to the simulation terminating because the convergence con-
ditions were met, but the system hadn’t quite reached complete exclusion
(the species expected to competitively exclude the other made up > 95% of
the total biomass). When these were run further with a smaller convergence
condition they ran either to exclusion or closer to exclusion. The lyapunov
exponents for most of these simulations were very close to one, indicating
that the growth rate although decreasing, would be decreasing very slowly
and since the biomass is very small, as it made up less than 5% of the to-
tal biomass, the convergence criterion was satisfied even though the system
was not yet at equilibrium (exclusion). This is less likely to be a problem
when coexistence is expected as the plant biomass of each species is less
likely to be as small. Whilst the system is not yet at equilibrium, both species
will still have an effect on the nitrogen and soil moisture pools, and so they
should be closer to their complete steady state solutions when the conver-
gence criterion is satisfied, than the alternative stable state simulations. The
other possibility is that the two monoculture solutions are not the only so-
lutions to the system. The lyapunov exponent examines the local stability
of a solution, and so it could be that there are coexistence solutions as well,
and that the system moved out of the range of attraction of the one species
solution (exclusion) and instead converged to a two species solution. If a co-
existence solution existed in such a case, it would be unstable coexistence as
if a perturbation pushed one species close to extinction, the lyapunov expo-
nent shows that this should result in competitive exclusion and the system
should become a monoculture.
When the lyapnuov exponent predicts coexistence, this does not guarantee
the existence of a steady state coexistence solution. It means that both of the
one species solutions are unstable with the addition of their particular com-
petitor and so the system is unlikely to go to exclusion. The system could
demonstrate chaotic dynamics and not reach a steady state with two species.
This could contribute to the lower percentage of simulations converging to
steady state from the coexistence parameter set. Observation of the time-
series of a few simulations that did not reach steady state indicates that this
may be an issue in a few cases. One simulation showed what appeared
to be upper and lower limits for plant biomass, with random fluctuations
between these. The additional variability in the system caused by the soil
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moisture now changing in response to the changing percentage biomass of
each species, means that it will take longer to reach a steady state and so
will contribute to the lower number of coexistence simulations converging.
Analysis of the Lyapunov Exponents of the Parameter Sets Run
Tables 4.12 and 4.13 show the competitive outcomes predicted by the lya-
punov exponent. The alternative stable states and coexistence parameter
sets are separated by the type of trade-off each represents, either passive-
active uptake or uptake-maintenance. Table 4.12 shows the percentage of
all the parameter sets that show each outcome for at least one of the rainfall
distributions (note that this means the columns do not sum to 100% as each
parameter set can show more than one outcome when considered over all
rainfall distributions). Table 4.13 shows the percentage of all simulations
for each of the rainfall distributions that show each of the outcomes. In
both tables, species 1 is the species with the higher transpiration rate, and
so maintains the soil moisture at a lower level than species 2.
The results from chapter 2, for cts rainfall, show that for alternative stable
states, the species with the lower soil moisture must also be competitively
superior at lower soil moisture, whereas for coexistence the species with the
higher soil moisture must be competitively superior at lower soil moisture.
This means that, in the alternative stable state simulations species 1 should
be competitively superior at lower soil moisture and in the coexistence sim-
ulations species 2 should be competitively superior at lower soil moisture.
Although this competitive hierarchy may change again if the soil moisture
moves further away from that at which the system shows alternative stable
states or coexistence, but in the immediate vicinity this order must hold.
Parameter set
Random Alt SS Coexist
Act-Pass Up-Main Act-Pass Up-Main
Coexistence 1.7 9.3 5.8 100.0 100.0
Alt Stable States 4.2 100.0 100.0 49.7 68.0
C.E. by Sp 1 48.1 60.9 73.4 6.7 3.4
C.E. by Sp 2 52.6 34.3 18.0 57.9 64.3
Total Number 1836 248 433 1296 841
Table 4.12: Percentage of parameter sets, separated by trade-off type, that
should show each outcome for one of the rainfall simulations, where species
1 has the higher transpiration rate
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Parameter set
Random Alt SS Coexist
Act-Pass Up-Main Act-Pass Up-Main
Coexistence 0.7 1.6 1.0 65.8 57.1
Alt Stable States 1.8 50.4 49.6 15.2 24.4
C.E. by Sp 1 46.4 39.2 45.6 2.1 0.7
C.E. by Sp 2 51.1 8.9 3.8 16.9 17.8
Total Number 14688 1984 3464 10368 6728
Table 4.13: Percentage of all simulations, separated by trade-off type, that
show each outcome, where species 1 has the higher transpiration rate
In the alternative stable state simulations, competitive exclusion favours
species 1 and in the coexistence simulations, competitive exclusion favours
species 2 (tables 4.12 and 4.13). Since the parameters were chosen randomly
within the limits that show alternative stable states or coexistence, the mean
increase in the soil moisture needed to see another competitive outcome
should be the same as the mean decrease required to see a different compet-
itive outcome.
Each species could have a change in mean soil moisture as the rainfall varies
and this need not be in the same direction as its competitor. I consider what
happens to the mean soil moisture in each of the one species simulations
that are predicted to show competitive exclusion within the alternative sta-
ble states and coexistence parameter sets. For clarity, from here I shall use
the terms dry specialist and wet specialist to refer to the species that is com-
petitively superior at lower soil moisture and higher soil moisture respec-
tively around the alternative stable state and coexistence points in the sim-
ulations with cts rainfall.
If changes in the mean soil moisture for each species are driving the changes
in competitive outcome then table 4.14 summarises the cases in which I
would expect to see each species favoured, those in which I would not ex-
pect to see competitive exclusion (no change) and those which could have
either species favoured (unknown). These predictions are based on whether
the mean soil moisture of each species moves in a direction that should
make it more likely to resist invasion or be invaded. For example, if both
species have an increased mean soil moisture then it is more likely that the
wet specialist will competitively exclude the dry specialist. Note that I am
considering whether changes in mean soil moisture increase the invasibility
of a plot in the alternative stable state simulations and decrease the inva-
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Mean soil moisture C.E. Prediction
Wet Specialist Dry Specialist Alt SS Coexistence
+ + Wet Specialist Wet Specialist
+ No Change No Change Wet Specialist
+ - No Change Unknown
No Change + Wet Specialist No Change
No Change No Change No Change No Change
No Change - No Change Dry Specialist
- + Unknown No Change
- No Change Dry Specialist No Change
- - Dry Specialist Dry Specialist
Table 4.14: Predictions for the species that should competitively exclude
the other, given that the cts simulation should show either coexistence or
alternative stable states based on changes in soil moisture
sibility of a plot in the coexistence simulations. This means that changes
in mean soil moisture can give different results in each set of simulations.
I would not necessarily expect to see competitive exclusion by the species
given in table 4.14 if the soil moisture moves in the direction specified, just
that if there is competitive exclusion and the soil moistures move in the par-
ticular direction then this would be the species that I would expect to see.
Table 4.15 shows the total number of both the alternative stable states and
coexistence simulations that showed competitive exclusion by each species
separated by the predictions from table 4.14.
C.E. Prediction C.E. Results
Alt Stable States Coexistence
Dry Specialist Wet Specialist Dry Specialist Wet Specialist
Dry Specialist 2017 39 670 84
Wet Specialist 168 177 782 127
No change 24 80 1474 46
Random 149 12 23 2
Total 2358 308 2949 259
Table 4.15: Number of simulations showing competitive exclusion for each
species for the alternative stable states and coexistence parameter sets and
which outcome the changes in their mean soil moisture predicted
Whilst the dry specialist competitively excludes the wet specialist a large
proportion of the time in the alternative stable state simulations, we can
see from table 4.15 that when this occurs, the mean soil moistures have,
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85.5% of the time, moved in a direction that should favour the dry spe-
cialist. When the wet specialist competitively excludes the dry specialist,
57.5% of the time this occurs when the mean soil moisture should favour
the wet specialist. These are significantly different from that which would
be expected if the soil moisture did not have an effect on the competitive
outcome (χ2 = 258.5,d f = 1, p < 2.2e− 16). Other factors must also have
an effect on the competitive outcome, as there are some cases in which
the ’wrong’ species competitively excludes the other, particularly when we
would expect to see the wet specialist competitively excluding the dry spe-
cialist, 48.7% of the time we actually see the dry specialist being competi-
tively dominant.
In the case of the coexistence simulations we see that when there is compet-
itive exclusion by the dry specialist, 50.0% of the time this occurs when the
mean soil moisture changes would predict that there should not be compet-
itive exclusion. Competitive exclusion by the wet specialist occurs 49.0%
of the time when the mean soil moisture changes would predict that the
competitive outcome should move in favour of the wet specialist. There is
no significant difference between the number of simulations showing com-
petitive exclusion by each species when a specific species is predicted to be
competitively dominant (χ2= 2.73,d f = 1, p= 0.0984). This indicates that in
these simulations something other than the changes in mean soil moisture
is causing the competitive exclusion.
To try and explain what may be causing this dominance by the dry special-
ist, I consider what effect the variation in soil moisture has on the nitrogen
uptake rates and hence growth rates of each species.
If we first consider the condition for coexistence derived in Chapter 2, the
change in the competitive hierarchy of the species as described by the com-
petitive index (eqn 2.14). The competitive index is a strictly increasing func-
tion of soil moisture, as passive uptake is an increasing function of soil mois-
ture and active uptake is a strictly increasing function of soil moisture. The
dry specialist has the higher competitive index at low soil moisture and the
wet specialist has the higher competitive index at high soil moisture. Since
the competitive index increases with s, the change in competitive index of
the dry specialist as s increases must be smaller than the change in competi-
tive index of wet specialist as s increases (fig 4.7). Note that this is true in the
immediate vicinity of the soil moistures maintained by each species and can
change as the soil moisture moves away from these points, and also relies
on the competitive indices having the same shape. This means that the up-
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Figure 4.7: Variation in competitive index around a point which shows co-
existence or alternative stable states for a given variation in soil moisture.
Note that the dry specialist will always experience less variation in compet-
itive index than the wet specialist when the soil moisture varies around a
crossing point (either alternative stable states or coexistence).
take rate per unit N concentration divided by the death rate per unit plant
biomass is more variable for the wet specialist than the dry specialist. So
relative to the death rate, the uptake rate of the wet specialist varies more.
Since the range of soil moisture in the monoculture of each species must
include the continuous soil moisture, the species order in variability of the
uptake rate relative to death rate will hold whilst the soil moisture varies
within a certain range. This range will be determined by the specific pa-
rameters of the system.
Now consider the lyapunov exponent (eqn 4.25), which determines whether
each species can invade in the temporally varying environment. This must
be equal to 1 if the parameters of the resident species are used, as
Pt+1 = Pt(1+
αNNt
WtPt
(T (st)+a1s
a2
t )−mp) (4.27)
and since the system is at steady state, the growth rate over the cycle must
be equal to 1, hence
k
∏
t=1
(1+
αNNt
PtWt
(T (st)+a1s
a2
t )−mp) = 1 (4.28)
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This is true for both the dry and wet specialists in monoculture.
Now consider the wet specialist (more variable N uptake/death rate) in-
vading a monoculture of the dry specialist (less variable N uptake/death
rate). The functions that differ between the species are nitrogen uptake and
tissue death rate. The system variables, Nt , Pt and st are set by the resident,
the dry specialist. As the invasion criterion is a geometric mean, negative
changes in the growth rate (making it below one) have a larger impact on
the geometric mean than positive changes of the same magnitude.
Whether the wet specialist will satisfy the invasion criterion depends on
whether the increased variation in N uptake/death rate through the soil
moisture cycle gives the wet specialist a positive or negative growth rate.
This means that whether the growth rate of each species is high at high s
depends on the variation in Nt/WtPt . If the variation in Nt/WtPt is concor-
dant with the variation in s then the increased variation in the nitrogen up-
take/death rate of the wet specialist will result in increased variation in the
growth rate of the wet specialist relative to that of the dry specialist. Dis-
concordance in Nt/WtPt and s can result in dampened, increased or neutral
variation in the growth rate of the wet specialist relative to that of the dry
specialist depending on the magnitude of the increased variation in N up-
take/death rate and Nt/WtPt . How each of these affects the success of the
invasion is still dependent on the relative magnitudes of the changes in the
growth rate when it is below one and when it is above one. This eludes an-
alytic generalisations as the uptake function is nonlinear and the covariance
of Nt/WtPt and s is dependent on many factors.
The results of the simulations indicate that the increased variation in ni-
trogen uptake/death rate experienced by the wet specialist is generally a
disadvantage in competition.
4.3.3 Complementarity and the Selection Effect
Table 4.16 shows the number of simulations from the coexistence parameter
set that showed coexistence for each rainfall distribution and the percentage
of each that had a positive selection, complementarity and net biodiversity
effect. Note that the decreasing number of simulations showing coexistence
with increasing rainfall shows that of the cts simulations that produce coex-
istence, a decreasing proportion maintain that coexistence as the variation in
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rainfall increases. This does not mean however that with this model there is
a decreasing proportion of parameter sets that would produce coexistence
for this increased variation as these sets were chosen specifically to have
coexistence in the cts case.
Percentage showing positive effect
Number of Sims Complementarity Selection Net Biodiversity
cts 467 84.6 37.9 48.6
one 451 85.8 42.8 50.1
two 444 85.1 45.9 52.3
six 417 85.4 53.5 57.8
thirteen 376 84.8 58.0 62.8
month 311 83.6 63.0 68.2
wowo 417 85.1 54.4 58.3
hmo 371 84.9 59.8 64.2
Table 4.16: Number of simulations that showed coexistence for each simu-
lation type and the percentage of each that had a positive selection, com-
plementarity and net biodiversity effect, the remaining simulations had a
negative selection, complementarity or biodiversity effect
Figure 4.8 shows the mean complementarity, selection and net biodiversity
effect for each type of rainfall simulation. The error bars represent ±1SE,
and show that there is a lot of variation in these effects between parameter
sets. However, we can see that there is generally a positive complementarity
effect (table 4.16), whereas the direction of the selection and net biodiversity
effects change in response to the changing rainfall distributions.
The simulations that showed coexistence for all rainfall distributions show
a similar pattern in mean complementarity and selection, and are shown
in figure 4.9. These show a similar qualitative pattern to fig 4.8, with more
consistency in each of the effects through the rainfall variations with the
exception of the month simulations which in both cases shows a much lower
complementarity and hence net biodiversity effect.
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Figure 4.8: Mean selection, complementarity and net biodiversity effect for
each rainfall distribution, error bars are ±1SE, number of simulations for
each rainfall distribution is as shown in table 4.16
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Figure 4.9: Mean selection, complementarity and net biodiversity effect for
each rainfall distribution for those parameter sets that showed coexistence
for all rainfall distributions, error bars are ±1SE, n=312 for all of the bars.
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4.3.4 The Insurance Hypothesis
The coefficient of variation is used to quantify whether the polyculture (co-
existence) simulations showed less variation in plant biomass than the re-
spective monoculture simulations. Table 4.17 shows the percentage of sim-
ulations that have a lower coefficient of variation in the polyculture than the
monoculture. In these simulations the polyculture is more stable.
Figure 4.10 shows the mean coefficient of variation for the monoculture and
polyculture simulations, and the mean difference between them. The mean
mono- and polyculture coefficient of variation is shown in fig 4.10a and
the difference between the mean monoculture and polyculture coefficient
of variation is shown in fig 4.10b.
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Figure 4.10: (a) The mean coefficient of variation for the plant biomass in
monocultures and polycultures with error bars ±1 S.E., n is as shown in ta-
ble 4.17 for each rainfall distribution (b) the mean of the difference between
the mean monoculture coefficient of variation and the polyculture coeffi-
cient of variation
Whilst there is an evidence that this model shows the insurance effect (table
4.17), the actual coefficients of variation in both the monoculture and poly-
culture are very small (fig 4.10). Given the large variation in rainfall input
to the system this is particularly suprising.
The stability of the population of each species was measured to compare
whether an increase in diversity corresponds to an increase or a decrease
in population stability for each species in this model. Of the 5574 com-
parisons, 50.2% showed a decrease in coefficient of variation between the
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Number of sims Percentage
one 451 61.9
two 444 63.6
six 417 66.8
thirteen 376 69.1
month 311 72.8
wowo 417 67.1
hmo 371 69.8
total 2787 66.9
Table 4.17: Percentage of simulations showing a lower coefficient of varia-
tion for the plant biomass through time in the polyculture simulation com-
pared with the mean of the respective monoculture simulations
monoculture and the polyculture (both with the same rainfall distribution).
The remainder showed an increase. Of those that had a lower coefficient of
variation in the polyculture, 98.6% of these had a higher value of Tmax, and
hence a higher transpiration rate, and also either a lower active uptake rate
or a higher death rate. This is consistent through the rainfall distributions.
4.4 Discussion
4.4.1 Effect of Rainfall Distribution on Soil Moisture
The change in rainfall distribution examined was substantial, with the dy-
namics for a system with continuous rainfall compared at the most extreme
with a system with the same mean daily rainfall, but with rain only occur-
ring on one day in thirty. The variability of the soil moisture as measured by
the coefficient of variation showed a significant increase as the variability in
water input increased (table 4.3). The magnitude of the fluctuations in soil
moisture was large compared with the mean soil moisture (fig 4.2).
Whilst the magnitude of the variation in the soil moisture increased as a
response to increasing variation in the rainfall, the magnitude of the varia-
tion seen in the soil moisture in response to a particular rainfall distribution
depended critically on the rooting depth of the species. The shallower the
rooting depth, the more variation there was. This is because the inputs and
losses of water to the system make up a much bigger proportion of the total
water in the system for a shallower rooted species than for a deeper rooted
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species. Therefore deeper rooted species have to cope with much less vari-
ation in the available soil moisture in a given climate compared with a shal-
lower rooted species with all the same traits.
The effect of the changing rainfall distribution on the mean soil moisture in
each system was relatively minor with just under 50% of all the simulations
with varying rainfall showing the same mean as those with constant rain-
fall. Of those that had a different mean soil moisture, there was no signifi-
cant difference in the number that increased and the number that decreased.
The changes in the mean, when observed, could mostly be explained by the
thresholds in the system (table 4.5).
The model results are consistent with the results of experimental manipula-
tions in rainfall variability on the mean soil moisture. Fay et al. (2008) found
no significant difference between the mean soil moisture content when the
intervals between rainfall events were varied at four levels between 3 and
15 days (total rainfall kept the same) in assemblages of grasses and forbs.
There was also an increase in the coefficient of variation of soil water content
of +50% when the interval was increased from 3 days to 15 days. Lundholm
& Larson (2004) similarly found no difference in the mean soil moisture for
low (13 day interval) and high (7 day interval) frequency water pulses, but
an increase in the soil moisture range as the interval between rainfall events
increased.
4.4.2 Effect of Rainfall Distribution on the Nitrogen Cycle
I have shown that even with a large variation in the rainfall input to the
system which causes large temporal fluctuations in the soil moisture, the
response at steady state of the nitrogen cycle is very small. Daily fluctua-
tions in the plant biomass are consistently small relative the total biomass
(fig 4.2). Changes in the mean biomass with increased rainfall fluctuations
were highly variable. Both increases and decreases in mean plant biomass
were seen with increasing fluctuations and the percentage change from the
plant biomass in the continuous rainfall scenario varied widely (fig 4.4).
The percentage change in inorganic nitrogen from the cts simulation with
increasing rainfall variation was very small (fig 4.5). The change in total ni-
trogen in the system was increasingly negative as the variation in rainfall in-
creased. As for the plant biomass, there was considerable variation between
simulations. However this indicates that the more variable the rainfall be-
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comes, the higher the likelihood of increased leaching of nitrogen from a
system. This could have important consequences such as eutrophication
and decreased drinking water quality.
In contrast to the large changes in the coefficient of variation for soil mois-
ture, that of the nitrogen pools was surprisingly small (fig 4.2, note the 20
× change in the y-axis for plant biomass compared with the soil moisture).
It is expected that the variability seen in the soil moisture should be damp-
ened as it is passed on to the nitrogen cycle, because the changes in the
rates of processes that are dependent on the soil moisture are dampened by
processes that are independent of soil moisture. For example in the plant
biomass pool, when the soil moisture decreases, the nitrogen uptake rate
of the plants also decreases, however the loss rate from the plant pool re-
mains the same. Note that 1/mortality rate is the residence time of nitrogen
in the plant pool; this is a kind of time-scale for the plant pool’s response.
If the residence time is very small, pool size responds very fast, mirroring
uptake; if the residence time is large there is a large dampening effect. Con-
sequently, even if the uptake rate became zero, the change in the size of the
plant pool is dominated by the death rate, which is a small proportion of the
pool size. This means that if we consider steady state dynamics, the changes
induced in the uptake rates are likely to have a larger influence on the mean
plant biomass than on the variability when the tissue death rate is small.
Fig 4.1 shows this qualitatively for one simulation. The soil moisture shows
increasing variation around very similar means (a-c), whereas both inor-
ganic nitrogen and plant biomass show increasing but much smaller varia-
tion (consider the scales of the y-axis) around differing means, and very few
of the N pools have overlapping fluctuations.
The plant biomass showed a tendency to decrease with increasing variation
in rainfall distribution (table 4.7, fig 4.4). This was far from consistent with
30% of the simulations with varying rainfall showing an increase in plant
biomass compared with the continuous rainfall simulation. There are a few
simulations that showed a very high percentage increase in plant biomass
from the continuous mean (fig 4.4a). These all showed evidence of strong
water limitation on nitrogen uptake with continuous rainfall. The mean
continuous soil moisture was below the onset of plant water stress, and
close to the wilting point, and so transpiration was limited. The increas-
ing variability of the soil moisture allowed them to increase their water and
hence nitrogen uptake significantly during the higher soil moisture periods
of the cycle. In such situations, species have the ability to respond to sudden
increases in resource availability quickly, and so therefore do well in fluctu-
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ating environments. This is consistent with results from desert ecosystems.
Sher et al. (2004) showed experimentally that the highest survival rates for
desert species occurred when the intervals between rainfall events were the
longest, with total rainfall in the system kept the same.
If a population growth rate varies symmetrically about a mean then the
mean population size/biomass should decrease as the variability increases
(Lande et al., 2003). The difference in this model is that while the soil mois-
ture varies fairly symmetrically around the mean value, the response of the
growth rate is nonlinear and hence the mean biomass can go up or down.
It is still more likely to decrease (table 4.7), but there are cases in which the
non-linearity in response to the variation leads to an increase in biomass.
Experimental systems in which the rainfall has been manipulated in a sim-
ilar way to the manipulations in this model, one day of rain with dry in-
tervals of varying lengths, show positive to negative (Maestre & Reynolds,
2007), neutral to negative (Lundholm & Larson, 2004), completely neutral
(Fay et al., 2008) and completely negative (Fay et al., 2003) effects of increas-
ing dry intervals on ANPP as the total rainfall amount increases.
In a long term experiment in which precipitation was manipulated to have
increased intervals between rainfall events, whilst also following more closely
the naturally occurring precipitation, there was a decrease in ANPP with
longer dry intervals (Knapp et al., 2002). An analysis of a long term data set
shows differing effects of increasing variation in rainfall through the grow-
ing season, with positive effects earlier on and negative effects later (Nippert
et al., 2006).
Experimental and long term data studies have shown a predominantly neg-
ative although varying responses in ANPP to increases in the variation in
precipitation, with results dependent upon the total rainfall amount and
time in the growing season (Fay et al., 2008; Maestre & Reynolds, 2007; Nip-
pert et al., 2006; Lundholm & Larson, 2004; Fay et al., 2003; Knapp et al.,
2002). Direct comparison of the models’ results with experimental results is
difficult because many of these empirical systems may violate the assump-
tions of the model. In particular the nitrogen limitation status of the exper-
imental systems is unknown. In spite of the other factors that might come
into play in the experimental systems it is interesting to note that they show
the same range of possible outcomes as the model.
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4.4.3 Competitive Dominance of the Dry Specialist
I shall use the terms dry specialist and wet specialist to refer to the species
that is competitively superior at lower soil moisture and higher soil mois-
ture respectively around the alternative stable state and coexistence points
in the simulations with continuous rainfall. This is determined by the com-
petitive index (eqn 2.14). Note that this competitive order is not necessarily
fixed through the whole soil moisture range, but the species can always be
separated in this way around these points.
The analysis of the lyapunov exponents of the alternative stable state and
coexistence parameter sets shows that the species that is competitively dom-
inant in the varying simulations when competitive exclusion occurs, is in an
overwhelming majority of cases (90.3%) the dry specialist. Whilst in the al-
ternative stable state parameter set a lot of this trend could be explained by
changes in mean soil moisture, in the coexistence parameter set this is not
the case.
The wet specialist experiences greater variation in nitrogen uptake as a pro-
portion of tissue death rate for the same amount of variation in soil moisture
as the dry specialist (fig 4.7). The simulation results indicate that this results
in both a decrease in invasion ability and in ability to resist invasion. This
can only be generalised within the limits of parameter choice. It is likely that
this will be general for nitrogen uptake functions that are both accelerating
and increasing with soil moisture, as this will result in similar variations in
growth rates and nitrogen uptake.
This contrasts with work on increasing variation in environmental condi-
tions leading to decreased plant biomass (Lande et al., 2003). Whilst the
decrease in plant biomass is not always the case in this model, it does show
that increased variation in response to varying environmental conditions
leads to decreased competitive ability. It seems somewhat counterintuitive
that the species that can respond best to increases in soil moisture is compet-
itively disadvantaged when soil moisture varies temporally, but it indicates
that in this model the ability to maintain nitrogen uptake through the peri-
ods of lower soil moisture is more important.
Experimental results on species composition and competition with fluctu-
ating rainfall patterns have shown a significant effect of the rainfall distri-
bution on the competitive hierarchy in semi-arid grassland species (Novo-
plansky & Goldberg, 2001). Of the three species they studied, the species
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from the wettest, most productive, environment was the superior competi-
tor with frequent rainfall pulses. With infrequent pulses, the species from
the driest, least productive, environment became a relatively stronger com-
petitor, sometimes even completely reversing the competitive hierarchy. Whilst
it is impossible to know whether the experimental system matches the as-
sumptions of the model, these results match the direction of the results from
the model.
4.4.4 Effects of Rainfall Variation on Coexistence
The analysis of the coexistence simulations showed no large effect of rain-
fall variability on coexistence. The continuous simulations showed a large
variability in complementarity, and net selection effects, and a smaller vari-
ability in net biodiversity effect between parameter sets. The percentage of
simulations showing a positive complementarity effect was very consistent
through the rainfall variations, at ∼ 85%. An increasing percentage showed
a positive selection and net biodiversity effect with increasing variation (ta-
ble 4.16).
The higher proportion of simulations showing a negative selection effect
for constant rainfall is expected. This is because when two species coex-
ist in the continuous rainfall scenario, the expected soil moisture is that
at which their competitive indices are equal. This means that the propor-
tion of the total plant biomass made up of each species is determined by
the proportion of the transpiration rate of each needed to maintain the soil
moisture at this point. Since the parameters were chosen at random, the ex-
pected proportion of each should be 0.5. If half of the total biomass is made
up by each species, then the species with the lower monoculture biomass
makes up a higher proportion than would be expected given the monocul-
ture biomasses of each. This results in a negative selection effect. The in-
crease in simulations showing a positive selection effect through the rainfall
variations indicates that the species with the higher monoculture biomass is
becoming more competitively dominant through the rainfall variations. In
the coexistence parameter set, in 95.2% of the simulations, the species with
the higher monoculture biomass was species 2. This indicates that the low
soil moisture species is becoming more dominant in the simulations that
show coexistence as well as those that show competitive exclusion.
The positive complementarity effect is not attributable to specific methods
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of parameter selection and expected outcomes. A positive complementarity
effect occurs using this method when the sum of the polyculture biomass
of each species as a fraction of their monoculture biomass is greater than
one. This occurs when species use resources differentially or there is some
form of facilitation. In this model complementarity is likely to occur because
each species is competitively superior at the soil moisture the other species
maintains. In the polyculture, the soil moisture is intermediate between the
two monoculture soil moisture levels so that species are more productive
than with intraspecific competition only. From section 4.3.2 we know that
the nitrogen uptake rate/death rate of the dry specialist will decrease more
slowly than that of the wet specialist as soil moisture decreases (fig 4.7).
Similarly the uptake rate/death rate of the wet specialist will increase more
quickly than that of the dry specialist as the soil moisture increases from
it’s monoculture soil moisture. Because the species maintain the conditions
that favour the other species, this makes it more likely that the polycul-
ture nitrogen uptake rate/death rate will be higher than the mean nitrogen
uptake/death rate of the monocultures. Since the competitive index is an
accelerating function of soil moisture, this is not guaranteed. The number
of simulations showing positive complementarity indicate that this occurs a
high proportion of the time. The positive complementarity effect observed
is very resilient to the changes in rainfall input, which means that as the soil
moisture varies the polyculture nitrogen uptake rate/death rate is main-
tained at the same level relative to mean of the monocultures.
The Insurance Hypothesis
This model shows little evidence of any insurance effect of increasing bio-
diversity. Whilst more simulations showed a lower coefficient of variation
of the plant biomass in the polyculture compared to the mean monoculture
coefficient of variation, the size of the coefficient of variation and the differ-
ence between these was very small. This indicates that in the steady state
dynamics, the variability of plant biomass in both monoculture and poly-
culture is relatively small and so there is little scope for diversity to impact
on the temporal stability of the system.
Coexistence and temporal variations
This model, and interactions between limiting resources in general provide
a lot of scope for further work on competitive outcomes and coexistence
mechanisms in general.
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This model is outside the scope of the framework developed by Chesson
(2000) to evaluate the contribution of the storage effect, relative nonlinearity
and fluctuation independent mechanisms to coexistence. However we can
use the general mechanisms resulting from that work to evaluate whether
this kind of temporal variability is likely to enhance coexistence or competi-
tive exclusion or have a neutral effect. The model has a fluctuation indepen-
dent mechanism of coexistence which is derived and explored in chapter 2.
This chapter has looked at the effect of temporal fluctuations when coex-
istence would have occurred in the fluctuation independent case. There
appears to be no strong effect of fluctuations on the coexistence that already
occurs.
The mechanism that appears to be favouring the dry species in the alterna-
tive stable state and coexistence simulations is similar to the relative nonlin-
earity effect of Chesson (2000). The response of the ratio of nitrogen uptake
rate to death rate to variation in soil moisture is nonlinear and differs be-
tween the species (fig 4.7). For relative nonlinearity to enhance coexistence,
the species that has the higher growth rate in the absence of fluctuations
must 1) experience a larger decrease or smaller increase in growth rate when
fluctuations occur and 2) generate larger fluctuations, than the other species.
Since the plant biomass and inorganic nitrogen are dependent on each other
through the ecosystem model, and the relationship between the two is also
dependent on the soil moisture, there is no simple analytical solution to this.
These conditions firstly make the species more competitively equal and sec-
ondly increase the likelihood of each species being able to invade the other.
From the simulations we can see that the dry species is favoured in both the
coexistence and the alternative stable state simulations. This means that the
dry species becomes both more able to invade (alt ss simulations) and more
able to resist invasion (coexistence simulations). The simulations therefore
provide evidence that in the case that the wet species is dominant in the con-
tinuous rainfall scenario, but the species are already sufficiently similar in
competitive ability, the fluctuations may well increase the competitiveness
of the dry species and hence make the species more competitively equal.
The temporal fluctuations could therefore provide an equalising mecha-
nism. The interaction does not appear to increase the probability of invasion
for both species and hence the competitive outcome could switch to domi-
nance by the dry species or coexistence depending on the particular system
considered. So there is uncertainty about whether these fluctuations can
provide a stabilising mechanism. Since the simulations started with species
that already coexist or show alternative stable states, further work to deter-
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mine whether coexistence is enhanced or whether the dry species becomes
competitively superior is needed. This is likely to be important in the case
that the wet species is competitively superior with continuous rainfall, but
that the competitive indices show either a period of coexistence or alterna-
tive stable states at a lower soil moisture.
It is unlikely that a storage type effect will operate under this model with the
variations that I have considered here. The timescale in this model, and of
the fluctuations considered do not allow for a buffering effect for population
growth when each species is not favoured by the soil moisture which is an
essential feature of the storage effect.
Conclusions
Climate change is predicted to increase the variability of rainfall and the oc-
currence of extreme events. This model shows that this can have significant
effects on species competition when water affects plant competition for ni-
trogen. Even in the absence of changes in the mean soil moisture, increased
variability in rainfall enhances the competitive ability of the dry special-
ist. This can be explained by the dry specialists ability to maintain a more
constant nitrogen uptake rate relative to its tissue death rate than the wet
specialist in the presence of soil moisture fluctuations. This suggests that
when competition for nitrogen is mediated by soil moisture it is more im-
portant to be able to maintain a higher uptake rate at low soil moisture than
to be able to respond strongly to increases in soil moisture.
In areas in which climate change is predicted to decrease or maintain the
mean rainfall rate, this indicates that when competition for nitrogen is im-
portant in shaping the community, the competitive hierarchy is likely to
change in favour of the species that is more competitive for nitrogen at low
soil moisture. Where climate change is predicted to increase the mean rain-
fall rate, the model predicts that the change in competitive hierarchy for
nitrogen will be uncertain. The wet specialist will be favoured by the in-
crease in mean rainfall, but the dry specialist by the increase in variability.
The outcome is likely to depend on the magnitude of these two changes.
These results therefore have implications for the future of Californian grass-
lands. The variability of rainfall in California is predicted to increase in the
future, but there is little consensus amongst global climate models (GCMs)
on whether the mean rainfall is likely to increase or decrease. The results
from the fluctuating model indicate that increased variability of rainfall is
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likely to enhance the competitive ability of the dry specialist, which in the
Californian system is the exotic annual species. If those GCMs that predict
decreasing precipitation in California turn out to be correct, then there will
be a further increase in the competitive ability of the dry specialist, exotic
annuals. If mean rainfall increases, then this would increase the compet-
itive ability of the wet specialist, the native perennials. The competitive
outcome for a Californian grassland at the current mean rainfall is shown to
be competitive exclusion by the exotic annuals, or coexistence (Chapter 3).
Whilst the combined consequences of changes in the mean and variability
of rainfall on competitive ability are hard to predict, it seems likely that the
competitive outcomes in the future will remain as either competitive exclu-
sion by the exotic annuals or coexistence.
The major consequences of changes in rainfall for an ecosystem in which
nitrogen is a major limiting factor are thus twofold. Firstly the direct effect
of the variability of soil moisture on nitrogen cycling will promote changes
in the mean plant biomass and other nitrogen pools independently of any
changes in species composition. The direction and magnitude of these changes
will be specific to the species considered. Secondly changes in rainfall can
induce changes in species composition and abundance. Both of these effects
can have profound consequences for biodiversity and ecosystem services.
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Conclusions
This thesis has examined the outcome of competition for nitrogen, when the
nitrogen cycle and plant uptake are mediated by soil moisture. I have taken
an integrated ecosystem and community ecology approach to model the
effects of soil moisture on the processes in the nitrogen cycle and the conse-
quent effects on the competitive outcome. In chapter 2 I have shown that the
competitive outcome for nitrogen in given environmental conditions can be
strongly affected by species specific water use. When species deplete water
differentially the consequent effects on the nitrogen cycle and in particular
species nitrogen uptake can result in coexistence, alternative stable states or
competitive exclusion when nitrogen is directly limiting plant growth.
In the presence of a tradeoff in either mechanisms of nitrogen uptake (ac-
tive and passive) or between nitrogen uptake and death rate, the effect of
soil moisture on the nitrogen cycle can lead to coexistence or alternative
stable states. In the framework of Chesson (2000), the interaction between
the water and nitrogen cycles can thus act as a stabilising mechanism to
promote coexistence and the tradeoffs provide the equalising mechanism.
Whilst the effect of environmental conditions on competitive outcomes has
been considered, particularly in the case of spatial environmental hetero-
geneity enhancing the likelihood of coexistence (Tilman, 1982), the ability of
species to directly modify their environment and the consequent feedbacks
for competition have rarely been included. That species have a differen-
tial effect on soil moisture is well known, as are the effects of soil moisture
on processes in the nitrogen cycle (Seabloom et al., 2003; Stark & Firestone,
1995; Brady & Weil, 2002; Gordon & Rice, 1993; Rodriguez-Iturbe & Por-
porato, 2004). Hence the mechanism highlighted in this thesis, in which
species competitive hierarchy for nitrogen is determined by the soil mois-
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ture and in particular, on individual species effects on soil moisture, is likely
to be very general. In nitrogen limited systems it is very likely to play an
important role in determining competitive outcomes.
I have parameterised this model for exotic annual and native perennial
grasses found in California. These results show that the annual species is the
superior competitor for nitrogen at lower soil moisture and hence should be
able to suppress the perennial species in dryer systems. This contrasts with
the predictions that are obtained using the traditional community ecology
approach of looking directly at resource depletion. The perennial species
should be the better competitor for both water and nitrogen as it can de-
plete each to a lower level. However by the inclusion of an ecosystem model
I show that the annual species nitrogen uptake rate is far superior to that of
the perennials, and hence results in a far larger biomass given the nitrogen
concentration in the soil, and can thus competitively exclude the perenni-
als. The model prediction for grasslands in California with the current mean
rainfall is either competitive exclusion by the exotic annual species or coex-
istence. The competitive hierarchy under this mechanism, annuals competi-
tively superior at lower soil moisture and perennials at higher soil moisture,
is robust to parameter estimation. The soil moisture at which the hierarchy
switches is dependent on the parameterisation. These results suggest that
there is little scope for success of a self-sustaining restoration programme
whilst the rainfall input remains the same.
In Chapter 4, I have used this model to examine the effects of increasing
variation in rainfall on the outcome of competition for nitrogen. I have con-
sidered the effects of variation in rainfall on an ecosystem directly without
considering population interactions and have shown that the response of
the system is variable and in some cases very significant, particularly when
water is a strong limiting factor on nitrogen uptake. I have then considered
the combined effects of rainfall fluctuations and the ecosystem response on
competition for nitrogen. The major result of these fluctuations on compet-
itive ability was the increased competitive superiority of the low soil mois-
ture specialist. This is the species that is the better competitor for nitrogen
at low soil moisture. This highlights the need for the integration of com-
munity and ecosystem ecology to consider the community and ecosystem
responses to climate change. The net effect on the ecosystem of changes in
rainfall variability will depend both on the changes in community compo-
sition and on the direct effects on the nitrogen cycle including each species.
Changes in community composition could buffer or amplify the direct ef-
fects of changes in rainfall, for example a change in species composition
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caused by rainfall fluctuations will have a direct effect on plant biomass as
well as the direct effect of fluctuations on that species. Which effect is more
important will depend on the species and the ecosystem in consideration.
These results reinforce the likelihood of continued dominance of the dry
specialist, the exotic annual species in the Californian grassland system.
Since increased variation in rainfall is predicted consistently across global
climate models (GCMs) and the increasing occurrence of extreme events
has already been seen (Easterling et al., 2000), predicting the consequences
of this on ecosystems is an important challenge. The increased competi-
tiveness of the dry specialist in this model was independent of competitive
ability in any one mechanism i.e. any particular nitrogen uptake mechanism
or tissue death rate. It is instead related to the variability of the total nitro-
gen uptake rate in response to changes in soil moisture compared to the
tissue death rate. The dry specialist shows less variation in nitrogen uptake
rate compared to the tissue death rate, and so whilst it can not increase its
nitrogen uptake as much with increased water availability, the maintenance
of the uptake rate at low soil moisture appears more important.
Models such as the one developed here provide an important first step in in-
vestigating the consequences of change in climatic variables on both ecosys-
tem processes and community dynamics. They can be used to assess which
processes need to be investigated further and in which systems changes
may be important through parameterisation for individual systems. For ex-
ample this model shows that increasing rainfall variability has a larger im-
pact on mean plant biomass than on variability. These results highlight the
need for experimental work to determine both the changes in competitive
outcome that may be experienced through climate change and the changes
in ecosystem response.
Which ecosystems do I expect this to be important in?
The parameterisation of the model presented here for a Californian grass-
land showed the potential of the effect of soil moisture on competition for
nitrogen to explain broad biogeographic patterns of annual and perennial
grasses. The mechanisms highlighted in this model are likely to be appli-
cable to any nitrogen limited system. The essential ingredients are nitrogen
limitation and species specific effects on soil moisture.
Other possible candidate systems where this mechanism is likely to be im-
portant are savannas. Explaining tree-grass coexistence in savannas is an
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unsolved problem in ecology (Scholes & Archer, 1997; Sankaran et al., 2004).
Nitrogen cycling and nitrogen limitation has been shown to be important in
savanna systems (Scholes & Archer, 1997; Bustamante et al., 2006). Trees and
grasses differ in their effects on soil moisture through transpiration, effects
on evaporation through shading, and hydraulic redistribution (Scott et al.,
2008; Haworth & McPherson, 1995; Ludwig et al., 2004).
Current competition models that have been applied to savanna systems
have focussed on the effects of water on competition directly through differ-
ential access to water, both temporal and spatial and through its effects on
a competition colonisation mechanism (Walter, 1971; Fernandez-Illescas &
Rodriguez-Iturbe, 2003; Scholes & Archer, 1997; Sankaran et al., 2004). The
effect of soil moisture on the availability of nitrogen has not so far been con-
sidered. Given the nitrogen limitation and the differential effects of these
functional groups on soil moisture, the competitive mechanism highlighted
in this thesis could well play a role in tree-grass coexistence. The parameter-
isation of this model for a particular savanna system would allow the effect
of the interaction between nitrogen and water on competition in this system
to be evaluated and determine whether this contributes to the continued
coexistence of trees and grasses.
Factors that are likely to operate in combination with this mechanism
It is likely that coexistence mechanisms do not occur on their own. Being
able to identify which mechanisms are important in currently determining
species diversity and composition, and why leads to more robust conclu-
sions on the likely effects of climate changing on ecosystems. This is one of
the most important questions facing ecologists at the moment.
I have shown that the interaction between water and nitrogen can lead to
coexistence in the absence of fluctuations. Coexistence requires species spe-
cific effects on the soil moisture. It seems unlikely from the results and dis-
cussion of the fluctuating model that rainfall fluctuations enhance coexis-
tence in this case. Here I highlight three other mechanisms which are likely
to interact with the mechanism highlighted here which are likely to have an
effect on the competitive outcome and could enhance coexistence.
1. Direct water limitation
2. Environmental heterogeneity - soil physical properties
3. Differential responses to water pulses - speed of response to increased
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water availability
Direct water limitation on plant growth has not been considered in this
model. I have used the terms wet specialist and dry specialist to refer to the
species that is competitively superior for nitrogen at higher and lower soil
moisture respectively. This does not imply any relationship to their com-
petitive ability for water or their ability to tolerate low soil moisture. If the
species that is the best competitor for nitrogen at low soil moisture is also
the inferior competitor for soil moisture, this could lead to coexistence. This
could be investigated in this model by including a tissue death rate that is
also dependent on soil moisture.
The soil physical properties determine the parameters of the water system
and hence have a huge effect on the soil moisture retained in the system and
on the plant water stress points (Fernandez-Illescas et al., 2001). A change
in soil type can thus affect passive and active uptake differentially. The out-
come of soil moisture mediated competition for nitrogen at a given rainfall
is therefore dependent on the soil type present. If the soil type varies across
a landscape, this could result in coexistence via its effects on soil moisture
and consequently on nitrogen competition.
I have assumed that each species reacts in the same timeframe to the arrival
of a soil moisture pulse. If one species reacts more quickly to soil moisture
availability than another, this would change the pattern of resource fluctua-
tions available to each. For example grasses have been shown to react more
slowly to water pulses than succulents (Chesson et al., 2004). This could ei-
ther increase coexistence or competitive exclusion depending on the water
and nitrogen fluctuations that each species generated and those in which
they did best.
Parameterisation of this and other systems
The parameterisation of even simple models such as the one developed
here is currently difficult with information on the parameters rarely col-
lected and often from entirely disparate systems. There are also well docu-
mented problems with comparing parameters obtained from lab results to
those obtained in the field, particularly for the soil parameters required for
this model (Kool et al., 1987; Si & Kachanoshi, 2000). This can be tackled by
the use of parameter estimation techniques. They rely on the identification
and measurement of key variables, including initial conditions that can be
fed into models to estimate the required parameters. This avoids the as-
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sumption of equilibrium, which has been shown in this case to be lacking.
Obtaining the best fitting parameters when reasonably confident about the
processes in the system will lead to robust conclusions about the particular
system under consideration and so is more likely to lead to accurate results.
This will however need to be balanced with the time and effort required for
frequent measurements on nutrient dynamics in field studies.
It is important to design experiments well to test simple mechanisms. The
model is parameterised for California based on two different soil moisture
levels which are close together and so the reliability of the predictions will
decrease as the soil moisture moves away from these.
Ecosystems and Climate Change
Climate change is predicted to have widespread and disparate effects in dif-
ferent regions. Significant changes in temperature, CO2 concentration and
the mean and variance of rainfall are both expected and have started to be
observed (Easterling et al., 2000; Christensen et al., 2007). Understanding
and predicting the effects on ecosystems is a major current challenge in ecol-
ogy. The results of chapter 4 highlight the differences in ecosystem response
that can be seen in even a simple model of nitrogen in an ecosystem when
variability in rainfall is introduced. Whilst there are trends in outcomes, for
example decreasing biomass and total nitrogen with increasing variation,
these are far from general and highlight the need for the outcomes from
systems and species to be considered explicitly. The effect of variability on
competition showed a suprising consistency.
The timescale of ecosystem responses to climate change may also be impor-
tant when assessing the response of a system. The water cycle will equi-
librate much more quickly than the nitrogen cycle. This means that any
changes in community composition driven by climate change will firstly
affect the water cycle, the mean soil moisture will change as a result of com-
petitive outcome. This can be in either direction depending on the species
present so could amplify or dampen the direct climatic effects on mean soil
moisture. Consequent changes in the nitrogen cycle will take longer to be-
come apparent. Therefore in interpreting experimental outcomes it is im-
portant to consider any longer term effects as well as the short term ones.
In considering ecosystem response to climatic changes it is also important
to consider the transient dynamics in the response to changes in rainfall
distribution. Concurrent changes in other climatic factors such as CO2 con-
centration and temperature will affect the ecosystem in its transient state.
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Predicting the effects of climatic change on ecosystems is a huge multidisci-
plinary task. There are three major steps to achieve this. 1) We need smaller
scale projections of climatic changes, so that the particular changes expected
to affect an ecosystem can be determined. 2) The identification of current
key ecosystem and community processes, and how these may be affected by
the climatic changes. 3) Quantification of the likely consequences of these
changes and potential feedbacks of these consequences. This is not a sim-
ple process. Modelling and experimental results will need to be integrated,
with each directing the other. The integration of community and ecosystem
ecology has a large role to play in this, allowing the interactive effects of
community and ecosystem process changes to be evaluated.
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General Model; Derivations
A.1 Derivation of the competitive index
To be able to invade at a given soil moisture a plant species must have a
positive growth rate whilst in the equilibrium set by the resident:
dPinv
dt
=
αNN∗res
W ∗res
(Tinv(s∗res)+a
inv
1 (s
∗
res)
ainv2 )
Pinv
P∗res
−minvP Pinv > 0
From equation 2.5 at equilibrium,
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Replacing in the invasion equation we see that
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As all the terms are positive, this gives the following condition for a suc-
cessful invasion:
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Using the same argument we can derive the same condition for the resident
at the soil moisture equilibrium for the invasive. This gives us our competi-
tive index.
Link between the competitive index and R* (plant’s ability to deplete nu-
trient pool)
All parameters are strictly positive, and s f c < s < 1,γ < 1. The parameters
that differ between the species are Tmax, a1, a2 and mp.
The equation for N∗ (equation A.2), can be rewritten as N∗ = AB+C(T (s)+a1sa2) ,
where A, B and C are all positive real numbers, independent of Tmax, a1, a2
and mp, and so are the same for both species at a given soil moisture.
The species with the higher value of T (s)+ a1sa2 , at a given soil moisture
is able to deplete the nitrogen the most. Unlike the competitive index, it
is independent of the tissue mortality rate mp because in calculating N∗ we
are considering each species ability at equilibrium. At equilibrium nutri-
ent uptake is independent of the plant biomass, whereas when invading
nutrient uptake is dependent on the biomass of the invasive relative to the
resident. Nutrient depletion ability at equilibrium is decoupled from com-
petitive ability because we need to consider the ability of a species to take
up nitrogen in comparison to the death rate as an invasive in a mature stand
rather than the effect that it has when in isolation.
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A.2 Equilibrium pool sizes
Setting the derivatives to zero in equations 2.5-2.9 and solving for pool sizes yields the equilibrium pool sizes:
P∗ =
(T (s)+a1sa2)αN( f (s)(IN+ IO)mOW (1− γ)+ INL(s)αO)
mP(drW ( f (s)mOW (1− γ)+L(s)αO)+L(s)αN( f (s)mOW (1− γ)+αO(L(s)+(T (s)+a1sa2)γ))) (A.1)
N∗ =
W ( f (s)(IN+ IO)mOW (1− γ)+ INL(s)αO)
drW ( f (s)mOW (1− γ)+L(s)αO)+L(s)αN( f (s)mOW (1− γ)+αO(L(s)+(T (s)+a1sa2)γ)) (A.2)
M∗ =
d f (s)IOmOrW 2+αN( f (s)mO(IOL(s)+(IN+ IO)(T (s)+a1sa2))W + INL(s)(T (s)+a1sa2)αO)
mm(drW (L(s)αO+ f (s)mOW (1− γ))+L(s)αN( f (s)mOW (1− γ)+αO(L(s)+(T (s)+a1sa2)γ))) (A.3)
L∗ =
(a1sa2 +T (s))αN(INL(s)αO+ f (s)(IN+ IO)mOW (1− γ))
f (s)mL(drW (L(s)αO+ f (s)mOW (1− γ))+L(s)αN( f (s)mOW (1− γ)+αO(L(s)+(T (s)+a1sa2)γ))) (A.4)
O∗ =
W (dIOrW +αN(IOL(s)+ γ(IN+ IO)(T (s)+a1sa2)
drW (L(s)αO+ f (s)mOW (1− γ))+L(s)αN( f (s)mOW (1− γ)+αO(L(s)+(T (s)+a1sa2)γ)) (A.5)
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California; Robustness of the
Calculations
B.1 Parameter estimation methods - Non equilib-
rium
This section describes the two other methods of combining the soil moisture
data from the two depths, and inorganic nitrogen from three depths, the
zone weighted mean and the root profile adjusted mean. Whilst these two
methods intuitively represent the soil moisture available to the plants, the
simulations showed that using the simpler arithmetic mean generated the
best fitting parameters, so the results using this method are shown in the
main text. The zone weighted mean and the root weighted mean also gave
qualitatively the same results as the arithmetic mean, which is shown here.
B.1.1 Soil moisture estimation
Zone weighted mean
The soil was partitioned into two layers, 0-37.5cm and 37.5-Zrcm (where Zr
is the rooting depth of each species), the first layer is assumed to have the
soil moisture value measured at 15cm and the second at 60cm.
sv =
37.5∗ sv(15)+(Zr−37.5)∗ sv(60)
Zr
(B.1)
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This assumes a moisture profile of
s(z) =

sv(15) 0< z≤ 15
z−15
45 (sv(60)− sv(15))+ sv(15) 15< z≤ 60
sv(60) 60< z≤ Zr
(B.2)
i.e. a linear change between the two measured points.
Root weighted mean
The rooting profile of the species was used to estimate the amount of soil
moisture available to the plant by weighting the soil moisture value at each
depth by the proportion of roots found at that depth. This method was
developed by Baldocchi et al. (2004) and used for a similar grassland system.
The soil moisture is estimated by equation B.3.
sv =
∫ 0
Zr s(z)(dp(z)/dz)dz∫ 0
Zr(dp(z)/dz)dz
(B.3)
where z is depth in the soil in cm, assumed to be positive downwards, sv(z) is
the volumetric soil moisture at depth z as given by equation B.2, p(z) is the
cumulative probability distribution of roots, and therefore dp(z)/dz is the
probability density of roots by depth. The numerator sums the soil moisture
at each depth multiplied by the proportion of roots at that depth, and the
denominator normalises the equation to ensure that the total proportion of
roots considered sums to one.
Gale & Grigal (1987) modelled p(z), the proportion of roots from the soil
surface to depth z as 1−β z, where z is in cm. This has been applied to dif-
ferent biomes including grasslands by Jackson et al. (1996). Jackson et al.
(1996) used the percentage of root biomass found in the upper 30cm of soil
to assign values of β for each of the biomes studied, giving a value of 0.943
for temperate grasslands which has been used by Baldocchi et al. (2004) and
Miller et al. (2007) for similar analyses. Data collected from Sedgwick indi-
cates that the exotic annuals had 94% of their roots in the top 30cm of soil
and the native perennials had 81% (Parker et al., In Prep), leading to values
of β of 0.910 and 0.946 respectively.
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Figure B.1: Soil moisture dynamics for a) annual and b) perennial species for
the three different methods of soil moisture estimation using the measured
soil moisture data
Using equations B.3 and B.2, this gives an overall soil moisture value of
s=
s15(1−β 60)+ s60(β 60−βZr)+ s15−s6045lnβ (β 60(45lnβ −1)+β 15)
1−βZr (B.4)
The derivation of the above equation is in section B.1.2 on page 129.
Figure B.1 shows the soil moisture throughout 2001 using the three methods
of estimation.
In order to compare the competitive effects of each species on the other the
soil moisture that is available to each species as an invasive in a plot con-
taining the other species must be estimated. This is not necessary for the
arithmetic mean as the calculated soil moisture is independent of the root-
ing depth and rooting profile of the species considered. Since both the root-
ing depth and rooting profile as measured by β varies between the species,
the soil moisture available to each will be different when calculated using
the weighted mean or root profile adjusted method. In order to see why
this is necessary, consider the soil moisture calculated using the weighted
mean. The perennial species has a higher soil moisture than the annual
species despite reducing the soil moisture to a lower level at both the 15cm
and 60cm depths. The reason for this is that the weights given to each of
the depth measurements is different, the 15cm measurement is weighted at
62.5% for the annual, whereas the 60cm measurement is weighted at 75%
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Annual Resident Perennial Resident
Soil moisture available to Annual Perennial Annual Perennial
Mean 0.227 0.227 0.220 0.220
Weighted Mean 0.222 0.236 0.216 0.228
Rooting Profile adjusted 0.210 0.214 0.206 0.209
Table B.1: Volumetric soil moisture (m3/m3) available to each species when
resident and when an invasive in the plot of the other species taking into
account the different weighting for the annual and perennial species as in-
vasives
for the perennial. Since the 60cm perennial measurement is higher than the
15cm annual measurement this results in a higher estimate for the peren-
nial soil moisture. However since the annual has a much shallower rooting
depth, this moisture will not all be available to it when it invades.
The soil moisture available to each species as an invasive can be seen in
table B.1, these are shown in m3/m3, prior to being adjusted to fraction of
total saturation using the bulk density.
We can see that qualitatively the results of the zone weighted mean and the
rooting profile adjusted are the same as the arithmetic mean. The perennial
species depletes the soil moisture available to an annual invasive to a lower
level than that available to the annual as a resident, and when the perennial
is invasive it has a higher soil moisture available to it than that which it has
as a resident. So when the species are considered competitively, we can say
that the perennial species depletes the soil moisture to a lower level than the
annual species.
B.1.2 Derivation of the soil moisture equation using rooting
depth
This section describes the derivation of equation B.4, the soil moisture cal-
culated using the rooting distribution.
From equations B.2 and B.3 we know that:
s(z) =

s15 z≤ 15
z−15
45 (s60− s15)+ s15 15< z≤ 60
s60 z> 60
(B.5)
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s=
∫ 0
Zr s(z)(dp(z)/dz)dz∫ 0
Zr(dp(z)/dz)dz
(B.6)
Expanding the numerator gives
∫ 0
Zr
s(z)
(
dp(z)
dz
)
dz =
∫ 0
15
s15
(
dp(z)
dz
)
dz+ (B.7)∫ 15
60
(
z−15
45
(s60− s15)+ s15
)(
dp(z)
dz
)
dz+∫ 60
Zr
s60
(
dp(z)
dz
)
dz
Note that since p(z) = 1−β z;
dp(z)
dz
=−β z lnβ (B.8)
∫ 15
60
(
z−15
45
(s60− s15)+ s15
)(
dp(z)
dz
)
dz =
− lnβ (s60− s15)
45
∫ 15
60
(z−15)β zdz
+s15
∫ 15
60
(
dp(z)
dz
)
dz (B.9)
And ∫ a
b
(
d(β z)
dz
)
dz= [β z]ab (B.10)
Substituting equations B.9, B.10 and p(z) = 1−β z into B.8 and integrating
s= s15[1−β z]015+s15[1−β z]1560−
lnβ (s60− s15)
45
[
β z((z−15) lnβ −1)
ln(β )2
]15
60
+s60 [1−β z]60Zr
(B.11)
Putting in limits and simplifying
s= s15(1−β 60)+ s60(β 60−βZr)+ s15− s6045lnβ (β
60(45lnβ −1)+β 15) (B.12)
Note that the denominator of B.6 is∫ 0
Zr
(dp(z)/dz)dz= 1−βZr (B.13)
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Substituting equations B.12 and B.13 into B.6 gives the equation for calcu-
lating the soil moisture using the rooting distribution:
s=
s15(1−β 60)+ s60(β 60−βZr)+ s15−s6045lnβ (β 60(45lnβ −1)+β 15)
1−βZr (B.14)
B.1.3 Inorganic nitrogen estimation
This section details the weighted mean and root profile adjusted methods
of calculating the inorganic nitrogen. As the inorganic nitrogen was mea-
sured for three depth ranges, rather than at specific depths in the soil, the
method of calculating the weighted mean and root profile adjusted mean
were slightly different to the soil moisture calculations (section B.1.1).
Weighted mean
The inorganic nitrogen value was assumed to remain constant within the
depth ranges that it was measured and only changed at the boundaries be-
tween these depths. So the soil inorganic nitrogen profile is
N(z) =

N7.5 0< z≤ 15
N22.5 15< z≤ 30
N37.5 z> 30
(B.15)
Where N7.5 = N(7.5), N22.5 = N(22.5) and N37.5 = N(37.5)
Root Profile Adjusted
The same rooting profile calculation was used as for the soil moisture, so
N =
∫ 0
Zr N(z)(dp(z)/dz)dz∫ 0
Zr(dp(z)/dz)dz
(B.16)
where N(z) is the inorganic nitrogen at depth z and p(z) is the cumulative
probability distribution of the roots, p(z) = 1−β z as before.
The inorganic nitrogen at depth z is assumed to be the same as for the
weighted mean (equation B.15), giving an overall soil nitrogen value of
N =
N7.5(1−β 15)+N22.5(β 15−β 30)+N37.5(β 30−βZr)
(1−βZr) (B.17)
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Plot Method Annual Perennial
Control
Mean 1.139 1.012
Weighted Mean 1.107 0.801
Rooting Profile adjusted 1.279 1.148
Water Addition
Mean 1.463 1.269
Weighted Mean 1.356 0.944
Rooting Profile Adjusted 1.878 1.459
Table B.2: Inorganic nitrogen values (mg/kg soil) prior to being adjusted to
mg/m2 using bulk density
The estimated total inorganic nitrogen in the soil using each method is shown
in table B.2. The perennial species consistently depletes the inorganic nitro-
gen to a lower level than the annual species whichever method of estimation
is used.
B.1.4 Water input to the system
Whilst the rainfall input to the system is independent of the method used to
calculate the soil moisture, the adjustment needed to calculate the additional
water used during the interval considered is not. This is because the amount
of water in the system at the start and finish of the time period considered
varies with the method of soil moisture estimation. The water input using
each of the methods of calculation is reported in table B.3 and was used in
further analysis for consistency with the other parameter estimates where
necessary.
Annual Perennial
Control
Mean 1.126 2.751
Weighted Mean 1.165 2.632
Rooting Profile Adjusted 1.262 2.913
Water Addition
Mean 3.116 4.631
Weighted Mean 2.632 4.436
Rooting Profile Adjusted 2.913 4.896
Table B.3: Daily water input to the system in mm including rainfall with
adjustment for previously added water
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B.1.5 Parameter estimates for each estimation method
Tables B.4 and B.5 show the best fitting soil moisture parameter estimates,
using each of the estimation methods, together with the sum of squares.
Note that table B.4 shows those that are consistent between the plots, and
table B.5 shows those that differ, together with the sum of squares. The
mean method of estimation had the lowest sum of squares although the
difference between this and the weighted mean method of estimation was
small. Table B.6 shows the nitrogen active uptake parameters calculated for
each of the estimation methods.
Method of estimation sw sh n
Mean 0.27 0.19 0.66
Weighted Mean 0.26 0.20 0.66
Root Profile Adjusted 0.23 0.17 0.66
Table B.4: Best fitting parameter values for the soil moisture model for those
parameters that remained the same between the annual and perennial plots.
The soil moisture comparison data used in the fitting method was calculated
using each of the estimation methods
Method of estimation Annual Perennial Sum of squares
sws Ew Tmax sws Ew Tmax
Mean 0.5 0.27 2.60 0.31 2.31 0.81 0.00283
Weighted Mean 0.62 0.36 3.66 0.31 1.60 1.25 0.00303
Root Profile Adjusted 0.62 0.59 2.90 0.31 1.63 1.91 0.00429
Table B.5: Best fitting parameter estimates for the onset of plant water stress,
maximum transpiration rate (mm/day) and maximum rate of evaporation
(mm/day) for the annuals and perennials separately, together with the sum
of squares indicating the fit of each set of parameters.
Method of estimation Annual Perennial
a1 a2 a1 a2
Mean 0.00242 -9.980 37.75 0.686
Weighted Mean 0.316 -5.318 173.47 1.897
Root Profile Adjusted 1.616 -3.448 32.28 0.748
Table B.6: Estimates of the nitrogen active uptake parameters using the best
fitting soil moisture parameters from the simulations
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B.1.6 Competitive indices for each parameter estimation method
The weighted mean and root profile adjusted mean give the competitive
indices shown in table B.7. These are shown for each species as a resident
and as an invasive in plot of the other species. As for the arithmetic mean,
these show that the annual species is the superior competitor as it should
exclude the perennial when it is a resident and successfully invade when it is
exotic. Figure B.2 shows the competitive indices for the weighted mean and
root profile adjusted methods for the soil moisture range seen at Sedgwick,
with dashed lines showing the range that can be taken when the parameters
vary by ±10%. When compared with figure 3.4 we see that these show the
same dynamics. The annual species is dominant at low soil moisture, then
there is a period of coexistence as the soil moisture increases.
Annual Perennial
Weighted Mean Resident 6634 4698
Invasive 7651 5022
Root Profile Adjusted Resident 5322 3013
Invasive 5677 3057
Table B.7: Calculated competitive indices for the annual and perennial
species as residents and invasives using the weighted mean and root profile
adjusted methods of parameter estimation
Table B.8 shows the percentages of each competitive outcome at the cal-
culated soil moistures from 100,000 random variations of the parameters
within 10% of their estimated values (there are no instances of alternative
stable states as the actual soil moisture means were used for each species).
Annual Dominant Coexistence Perennial Dominant
Mean 76.98 14.23 8.79
Weighted Mean 72.92 15.87 11.21
Root Profile Adjusted 99.09 0.663 0.246
Table B.8: Percentage of each competitive outcome when the parameters
randomly vary within 10% of their estimated value for 100,000 repetitions
This shows that the most likely outcome at these soil moistures, even with
uncertainty about the exact values of the parameters, is competitive exclu-
sion of the perennials by the annuals. This is independent of the parameter
estimation method used.
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Figure B.2: The competitive indices calculated using the best fitting param-
eters from the simulations, when the soil moisture data used to compare to
the simulations was calculated using a) the weighted mean and b) the root
profile adjusted method. Solid lines show the competitive index, dashed
lines show the maximum range that the competitive index can take when
the parameters are varied by ±10%. In both a) and b) the competitive index
of the annual goes from the top left to bottom right and the perennial from
bottom left and increasing. The points show the competitive index of the
annual (square) and perennial (triangle) as a resident (solid) and as an inva-
sive (transparent) in the average soil moisture available to each at Sedgwick
(see table B.1 for details of why these differ between species)
B.1.7 Comparison of the three soil moisture estimation meth-
ods
The sum of squares showed that the parameters estimated when using the
mean method of calculating the soil moisture fitted the model the best, al-
though the difference between this and the weighted mean method was
minimal. If we consider the differences in the weight given to the soil mois-
ture measurement at each depth, this indicates that in this case when the
deeper soil moisture (60cm measurements) had a greater influence on the
estimate of soil moisture, we see a better fit to the model. Miller et al. (2007)
commented that the depth averaging process tempered the extreme high
and low values which could be found at the soil surface, but which were
not indicative of the overall moisture in the rooting zone, which could be
what we see here. Since leakage doesn’t feature in the model at these soil
moisture levels, the losses were confined to evaporation and plant uptake.
The better fit of the mean and weighted mean model could indicate that
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the plants are able to compensate for the changes in shallow soil moisture
by taking up deeper soil moisture when needed, at a rate that is higher than
the proportion of their roots at depth would suggest. However further work
is required to determine whether this is the case.
B.2 Robustness of the parameter estimates and com-
petitive index to parameter variation
Tissue death rate mp
The tissue death rates for the Californian annuals and perennials were es-
timated from the literature from a variety of annual and perennial species.
The species that were used in the Californian experiment were not well rep-
resented in the data sets used. There is considerable variation in the meth-
ods of measuring turnover and longevity of roots and leaves leading to large
differences in these estimates, for example Cebrian (1999) found that grass-
lands have an average turnover of 0.003 (unseparated by species) compared
with 0.032 and 0.010 for annuals and perennials from Craine et al. (1999);
Ryser & Urbas (2000) and Gill & Jackson (2000).
The active uptake nitrogen parameter a2 was very invariant in response to
manipulations of tissue death rate mp, a1 did however change with changes
in mp. I assume that whilst differences in definitions and methods of mea-
suring and calculating the turnover or death rate of a species will lead to
differences in the value of the parameter, differences between species will
be preserved. A t-test on the data from Ryser & Urbas (2000) showed that
the leaf longevity of the perennial species was significantly longer than that
of the annual species (Annual mean = 29.0 days, Perennial mean = 63.1 days,
p=0.00004), which means that the annual species has a higher tissue death
rate than the perennial species.
If we consider a ±50% change in death rate for each species we obtain the
estimates in table B.9 for the active uptake parameters. The estimates of
a2 are relatively unchanged from those reported in table 3.7, however the
estimates of a1 are changed. This shows that the magnitude of the active
uptake is reduced, but that the response to soil moisture addition is not.
The competitive indices change in magnitude but not in general behaviour
as can be seen in figure B.3. The annual still dominates at low soil moisture
and the perennial at higher soil moisture.
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Change in death rate Parameter Estimation Annual Perennial
a1 a2 a1 a2
+50%
Mean 0.0288 -7.958 53.7 0.606
Weighted Mean 1.76 -4.034 242.7 1.786
Root Profile Mean 4.68 -2.798 42.2 0.537
-50%
Mean 0.00776 -8.147 15.62 0.499
Weighted Mean 0.517 -4.144 77.274 1.751
Root Profile Mean 1.368 -2.906 9.78 0.266
Table B.9: Estimates of nitrogen active uptake parameters using the soil
moisture parameters derived statistically from the soil moisture model, with
plant tissue death rates ±50% of those estimated
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Figure B.3: Competitive indices using the a) weighted mean, b) mean and
c) root profile adjusted parameter estimates when the death rate is lowered
by 50%
B.3 Robustness of the competitive index to changes
of ±10% in the parameter estimates
Table B.10 shows the maximum and minimum values of the competitive
index obtained when the estimates of a1, a2, mp and T (s) were allowed to
vary by ±10%.
Annual Perennial
Resident Invasive Resident Invasive
Mean (1852,22802) (2459,32541) (2733,4716) (2797,4808)
Weighted Mean (3005,14144) (3446,16768) (3177,6961) (3408,7381)
Root Profile Adjusted (2948,9643) (3119,10343) (2287,3973) (2325,4027)
Table B.10: Ranges of the competitive index for the annual and perennial
species as residents and invasives in the soil moisture values found at Sedg-
wick
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B.4 Calculation of the growth rate of each species
as an invasive for a range of growing season
rainfall rates
The rainfall received during April-June is not equivalent to the amount of
water used in this period. It is supplemented by water that has fallen out-
side of this period. To account for this in estimating the growth rate of each
species as an invasive for figure 3.4b, the total amount of water used during
the growing season was calculated (initial water in the soil - ending water
in the soil) + rainfall during the growing season. This is different for each
species even if they had the same soil moisture in percentage saturation, as
they have differing rooting depths. The competitive indices were then cal-
culated for each species assuming that the earlier rainfall will contribute a
similar amount of water to the growing season each year.
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C.1 Parameter estimation from the equilibrium so-
lutions
This section shows the method and results of the parameter estimation for
the soil moisture model using the equilibrium solutions together with the
data from the control and water addition plots at Sedgwick. The majority of
the parameters, (s f c, sws, sw, sh, n and Ks) were estimated from the literature,
the remaining two parameters (Tmax and Ew) were estimated from the equi-
librium solutions. This method led to infeasible solutions, which are shown
and reasons for this are discussed.
C.1.1 Parameter estimates from the literature
Table C.1 shows the parameters that were originally estimated from the lit-
erature and used in the equilibrium calculations, note that these were also
used to guide the values of parameters chosen for the temporal simulations
of soil moisture.
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Parameter Description Dimension Value Where From
n Soil porosity Dim’less 0.43-0.66 Calc from bulk density, soil particle
density and Brady & Weil (2002)
Ks
Saturated Hydraulic
Conductivity mm/day
773 Schaap et al. (2001)
278 Miller et al. (2007)
sh Hygroscopic point Dim’less 0.142-0.148 Miller et al. (2007)
sw Wilting point Dim’less
0.157-0.179 Miller et al. (2007)
0.037-0.296 Ritchie et al. (1999)
s f c Field Capacity Dim’less 0.7 Pers comm (Harpole)
sws Onset of Plant Water Stress Dim’less 0.711 Miller et al. (2007)
Bulk density Bulk density Mg/m3 0.9-1.5 Brady & Weil (2002)
Table C.1: Ranges of parameter estimates from the literature used for the equilibrium calculations
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The estimates for the variables shown in table 3.1 (soil moisture, inorganic
nitrogen and plant biomass), are also used here. Note that the three methods
of estimating the soil moisture and inorganic nitrogen (mean, zone weighted
mean and root profile adjusted) were also used here. Details of the calcula-
tions of the mean are in chapter 3, calculations of the zone weighted mean
and root profile adjusted are shown in section B.1.1. The rooting depth, Zr,
water input, h and field capacity s f c, detailed in table 3.2 were also used in
this calculation.
Saturated hydraulic conductivity, Ks; hygroscopic point, sh; wilting point,
sw; onset of plant water stress, sws and field capacity s f c
Miller et al. (2007) estimated the soil parameters including saturated hy-
draulic conductivity, Ks; hygroscopic point, sh; wilting point, sw; and onset of
plant water stress, sws for four different ecosystems including a californian
grassland. The following ranges were derived for the grassland, the hy-
groscopic point 0.142-0.148, wilting point 0.157-0.179 and the onset of plant
water stress 0.585-0.836. Saturated hydraulic conductivity Ks was estimated
as 278 mm day−1.
When the measured soil moisture, s, is at a lower level than the field ca-
pacity, s f c and a higher level than the wilting point, sw, both the saturated
hydraulic conductivity, Ks and the hygroscopic point, sh have no effect on
the equilibrium values of the model. In the growing season, the mean soil
moisture can not be below the wilting point, sw, as then the plants would not
have survived, which we know is not the case. So we can assume that the
hygroscopic point, sh does not have an effect in the equilibrium calculation.
The wilting point, sw, corresponds to a particular soil water potential, which
is usually around -1500 kPa (-15 bars), although a few plants, especially xe-
rophytes can continue to remove water at even -1800 or even -2000 kPa, but
the amount of water available between -1500 and -2000 kPa is very small
(Brady & Weil, 2002). The soil water potential is strongly correlated with
soil texture (in terms of % sand, silt and clay), although other factors includ-
ing compaction and % organic carbon in the soil also affect the soil water
potential (Brady & Weil, 2002; Ritchie et al., 1999; Fierer & Gabet, 2002). The
wilting point was thus estimated from the soil texture data using equations
derived in Ritchie et al. (1999), giving an estimate of between 0.037 and 0.296
for the range of bulk density estimated previously for Sedgwick.
The field capacity, s f c of the experimental site was measured volumetrically
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as 0.47m3/m3 (pers comm Harpole). The highest recorded volumetric soil
moisture in the experiment was 0.322m3/m3, which is below the measured
field capacity and so means that there is unlikely to be any leakage from
this site and since the difference between these figures is 31% of the field
capacity any error involved in the measurement of this is unlikely to affect
the model results.
Since this is measured volumetrically, it had to be converted into % satu-
ration for use in the model by dividing by the porosity. Using the range
of soil porosity calculated for Sedgwick gives a range of 0.71-1 for the field
capacity.
Middle values were taken from these ranges for initial estimates for the
equilibrium model and the extreme values were also used when they had
an effect on the model outcomes.
C.1.2 Calculation of water parameters
I assume that whilst the growing season soil moisture is not at equilibrium,
that the dynamics can be described by the equilibrium equation. This is
valid if the soil moisture does not vary a lot over the limits in the system (sh,
sw, sws, and s f c), as then the losses from the system when the soil moisture
is below the growing season mean are balanced by those when it above the
mean.
The water input is as calculated in table B.3. Given that the average growing
season soil moisture is greater than the wilting point (the plants were not
permanently wilted) and is lower than the onset of plant water stress (tables
3.2 and C.1), the evaporation and transpiration rates are given by:
T (s) = Tmax
s− sw
sws− sw (C.1)
E(s) = Ew (C.2)
The parameters that need to be estimated are thus Ew and Tmax. As the water
addition and control plots give the soil moisture for two different water
input rates, they can be used to estimate these parameters as follows:
For a given species, any parameter with the subscript 1 refers to data from
the control plots and that with a subscript 2 refers to that from the water
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addition plots. Those without subscripts are assumed to be constant for a
species and so remain the same between the two sets of plots. Values for the
soil moisture in each set of plots are assumed to be the equilibrium values
although the *-superscript has been omitted for clarity.
From equations 2.1 and 2.16, the soil moisture differential equation we have:
si =
(hi−Ew)(sws− sw)
Tmax
+ sw (C.3)
Rearranging equation C.3 for i=2:
Ew = h2− (s2− sw)Tmaxsws− sw (C.4)
Substituting equation C.4 into equation C.3 when i=1 and rearranging:
Tmax =
(h1−h2)(sws− sw)
s1− s2 (C.5)
This is the formula to estimate the maximum rate of transpiration, Tmax.
Once we have Tmax we can substitute back into equation C.4 to get our esti-
mate of Ew.
The estimates obtained for the maximum transpiration rate and evaporation
rate using mean values for the wilting point sw and onset of plant water
stress sws, and the range of bulk density’s estimated for Sedgwick are shown
in table C.2.
All of the estimates for evaporation are negative which is obviously im-
Tmax (mm/day) Ew (mm/day)
Annual Perennial Annual Perennial
Mean (43.8,67.5) (25.8,39.6) (-20.7,-26.4) (-9.3,-13.6)
Weighted Mean (20.2,30.9) (42.1,64.7) (-8.4,-11.8) (-18.5,-25.5)
Root Profile Adj (12.0,18.5) (17.8,27.3) (-3.9,-5.8) (-4.6,-7.5)
Table C.2: Estimates of the maximum transpiration rate Tmax and evapora-
tion rate Ew (mm/day), calculated from the equilibrium solutions, using the
full range of bulk density values
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possible. This occurs whichever method is used for the estimation of soil
moisture and throughout the range of estimates for bulk density.
C.1.3 Discussion of the equilibrium solutions
Three potential reasons for the problems with the equilibrium solutions are
identified and investigated and then discussed below.
1. Issues with the parameters estimated from the literature
2. Problems with the equilibrium assumption
3. Extra soil moisture losses
Issues with the Literature Parameter Estimates
As there was data for only two different water input levels, this meant that
only two parameters could be estimated from the equilibrium solutions, the
remainder had to be estimated from the literature, where they weren’t mea-
sured in the field.
It is a well known problem that these soil parameters are difficult both to
measure and to estimate from soil characteristics (Si & Kachanoshi, 2000;
Kool et al., 1987; Miller et al., 2007). This means that it is very likely that
the parameters obtained from the literature will not be accurate for this site.
The parameters required for the soil moisture model can be calculated from
a variety of pedotransfer functions. However to utilise these, further infor-
mation about the soil, such as particle size distribution and porosity was
necessary, and the reliability of these functions has been questioned (Islam
et al., 2006). The best fitting parameter values obtained from the simulations
are significantly different from those obtained from the literature and used
in these calculations (compare tables 3.2 and C.1).
Problems with the Equilibrium Assumption
Clearly the soil moisture is not at equilibrium (fig 3.2), it is continuously
decreasing through the growing season. Using the equilibrium model to
estimate the parameters will give reliable results if the soil moisture does
not vary significantly over any of the limits in the soil moisture model. This
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means that the losses when the soil moisture is above the mean are balanced
by those when it is below the mean.
The soil moisture in the perennial plots is higher than the onset of plant wa-
ter stress estimated from the simulations (tables 3.1 and 3.2). Since this is
also assumed to be less than the field capacity, as this is significantly less
than the measured field capacity (table 3.2), the equilibrium solution is in-
valid. There is no equilibrium soil moisture point between the onset of plant
water stress and field capacity. The soil moisture can only move transiently
through this range, and either go to the field capacity or onset of plant wa-
ter stress, unless the rainfall happens to be exactly equal to the maximum
rate of transpiration plus the maximum rate of evaporation, which is highly
unlikely. This highlights the fact that soil moisture dynamics are probably
too transient for the equilibrium assumption to be valid, which contributed
to the failure of this method.
Extra Soil Moisture Losses
From the equation to estimate Tmax from the equilibrium solutions (equation
C.5), we can see that if we assume that the onset of plant water stress, sws and
the wilting point, sw are correct, then the magnitude of the estimate of Tmax is
determined by the difference in the water inputs to the system between the
control and rainfall plots and then difference in the soil moisture between
the two. Within the confines of experimental error, the difference between
the soil moistures can be assumed to be correct, which leads us to question
the input to the system. Could the water arriving in the soil be different
from the measured rainfall and additional water input? This equation tells
us that the difference in the water inputs to the soil may not result in as big
a difference in the soil moisture values as it should do.
Interception, runoff and evaporation from the soil surface of water that has
not yet percolated into the soil have not been considered in these parame-
ter estimations. As the water addition and control plots received the same
amount and distribution of natural rainfall, I assume that any unaccounted
for losses from this should not result in significant errors. However, if these
affect the water added to the water addition plots then this could cause er-
rors in the parameter estimation.
The water addition plots received supplemental watering on a weekly basis
to match the water received to the 50 year mean for that week + 2 SD. The
water was added via a sprinkler at a rate of 33 mm/h (pers comm Seabloom).
145
Appendix C California; Equilibrium Solutions
Fierer & Gabet (2002) found that the infiltration capacity of the annual grass-
land plots that they studied at Sedgwick generally ranged between 30-50
mm/h during the summer dry season, but that in the winter wet season the
infiltration capacity was much reduced, ranging from 5-10 mm/h.
The impact of this was investigated in the model by varying the input rate
for the water addition plots, assuming a percolation rate of 5mm/h up to
complete infiltration of the sprinkler added water of 33mm/h. The remain-
der of the sprinkler water was assumed to be lost as runoff or evaporation
in the cases in which it did not percolate. Table C.3 shows water inputs to
the plots using the each method of soil moisture estimation, and table C.4
shows the resulting estimates for transpiration and evaporation. The esti-
mates for transpiration and evaporation use a soil porosity value of 0.66.
The results using other soil porosities gave qualitatively the same results.
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Percolation Rate
5mm/h 10mm/h 15mm/h 20mm/h 25mm/h 30mm/h Total Percolation
Annual
Mean 1.60 1.87 2.15 2.42 2.70 2.97 3.12
Weighted Mean 1.11 1.39 1.66 1.94 2.21 2.49 2.63
Root Profile Adj 1.39 1.67 1.94 2.22 2.49 2.77 2.91
Perennial
Mean 3.11 3.39 3.66 3.94 4.21 4.49 4.63
Weighted Mean 2.92 3.19 3.47 3.74 4.02 4.29 4.44
Root Profile Adj 3.38 3.65 3.93 4.20 4.48 4.75 4.90
Table C.3: Input to water addition plots assuming each of the percolation rates for the water that was added for the each method of soil
moisture estimation. Note that the difference between estimation methods is due to the different access to the soil moisture in the plots
prior to the start of measurements
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Percolation Rate
5mm/h 10mm/h 15mm/h 20mm/h 25mm/h 30mm/h Total Percolation
Tmax
Annual
Mean 15.99 25.31 34.64 43.96 53.28 62.60 67.47
Weighted Mean -1.08 4.71 10.51 16.31 22.10 27.90 30.93
Root Profile Adj 1.49 4.57 7.64 10.72 13.80 16.88 18.49
Perennial
Mean 7.62 13.42 19.22 25.01 30.81 36.61 39.64
Weighted Mean 10.24 20.09 29.94 39.80 49.65 59.50 64.66
Root Profile Adj 6.41 10.20 13.98 17.77 21.56 25.35 27.34
Ew
Annual
Mean -4.06 -7.08 -10.10 -13.12 -16.14 -19.16 -20.74
Weighted Mean 1.50 -0.30 -2.09 -3.89 -5.69 -7.49 -8.42
Root Profile Adj 0.85 0.00 -0.85 -1.70 -2.56 -3.41 -3.85
Perennial
Mean 0.43 -1.34 -3.10 -4.87 -6.63 -8.39 -9.32
Weighted Mean -0.71 -3.93 -7.15 -10.37 -13.59 -16.81 -18.50
Root Profile Adj 1.16 0.12 -0.92 -1.95 -2.99 -4.03 -4.57
Table C.4: Estimates of Tmax and Ew when the water addition is assumed to percolate at the given rate. A soil porosity, n, of 0.66 is used,
which give the most positive estimates of Ew, but other values of n give qualitatively similar results
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These estimates show that a decreased percolation rate does lead to a more
positive (or less negative) estimation for evaporation. It is unlikely that the
amount of water that was lost before infiltrating would be large enough to
mean that the evaporation estimates would have been positive. However,
if some of the water addition to the plots did not percolate, as seems likely
given the sprinkler addition rate and the work by Fierer & Gabet (2002), this
will have contributed to the problems in using these solutions.
It is possible that if the field capacity is lower than 0.7, the water addition
could increase the soil moisture enough that there is leakage from the sys-
tem. If the soil moisture measurements are not taken soon after the water
addition then this water would be lost to the system and not accounted for
in the soil moisture estimates.
Conclusions
All three of the issues identified above probably contributed to negative es-
timates for evaporation using this method. These problems highlight the
need for data to be collected on water movement in the soil when exper-
iments are considering the direct or indirect effects of water on competi-
tion. The issues experienced in parameterising the model stem from the
difference in time scales usually considered for ecosystem and community
level models. Community models do not usually require details of nutrient
movement, measurements of the levels to which each nutrient is depleted,
and inputs to the system are usually sufficient. Ecosystem models usually
operate on a longer timescale and so the fluctuations around the mean val-
ues are less significant in estimating total movements of nutrient or energy
through the system. The effect of these fluctuations are likely to change in
the future as the climate changes, and hence the need to understand these
effects and design experiments that can test these models is an important
challenge.
C.2 Estimation of nitrogen active uptake parame-
ters and transpiration using the nitrogen up-
take plots
Instead of estimating the transpiration rates using the soil moisture model it
is also possible to estimate the transpiration rate, and the two active uptake
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parameters, a1 and a2 directly by using the experimental nitrogen addition
plots as well as the control and water addition plots.
Here I will use subscript 1 for the control plots, subscript 2 for the water
addition plots and subscript 3 for the nitrogen addition plots. All pool sizes
are assumed to be equilibrium.
Using the change in plant biomass equation 2.5 for each of the plots, set to
zero since we are assuming that they are at equilibrium, we know that
αNNi
snZr
(
Tmax(si− sw)
sws− sw +a1s
a2
i
)
−mpPi = 0 (C.6)
for i = 1,2 and 3
Since we have three equations, and three unknown parameters to estimate,
Tmax, a1 and a2, we can solve for these parameters as follows.
Rearranging equation C.6 gives
Tmax =
(
mpPisinZr
αNNi
−a1sa2i
)
sws− sw
si− sw (C.7)
for i = 1,2,3
Setting these equations equal to each other with i=1 and 2 to eliminate Tmax
gives
(
mpP2s2nZr
αNN2
−a1sa22
)
(s1− sw) =
(
mpP1s1nZr
αNN1
−a1sa21
)
(s2− sw) (C.8)
Rearranging this to make a1 the subject of the equation
a1(s
a2
1 (s2− sw)− s2a2(s1− sw)) =
mpnZr
αN
(
P1s1(s2− sw)
N1
− P2s2(s1− sw)
N2
)
(C.9)
Assuming
sa21 (s2− sw)− s2a2(s1− sw) 6= 0 (C.10)
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then
a1 =
mpnZr
αN(sa21 (s2− sw)− sa22 (s1− sw))
(
P1s1(s2− sw)
N1
− P2s2(s1− sw)
N2
)
(C.11)
For ease of reading let
a˜=
mpnZr
αN(sa21 (s2− sw)− sa22 (s1− sw))
(
P1s1(s2− sw)
N1
− P2s2(s1− sw)
N2
)
(C.12)
Substitute this into the initial equations (C.6) to eliminate a1 from these
equations
αNNi
snZr
(
Tmax(si− sw)
sws− sw + a˜s
a2
i
)
−mpPi = 0 (C.13)
for i = 1,2,3
Using the equations for i=2 and 3, we can make Tmax the subject of both of
the equations, and then set them equal to each other thus also eliminating
Tmax to give
a˜(sa22 (s3− sw)− sa23 (s2− sw)) =
mpnZr
αN
(
P2s2(s3− sw)
N2
− P3s3(s2− sw)
N3
)
(C.14)
In which a2 is the only unknown parameter
Replace a˜ with the full expression from C.12
mpnZr(s
a2
2 (s3− sw)− sa23 (s2− sw))
αN(sa21 (s2− sw)− sa22 (s1− sw))
(
P1s1(s2− sw)
N1
− P2s2(s1− sw)
N2
)
=
mpnZr
αN
(
P2s2(s3− sw)
N2
− P3s3(s2− sw)
N3
)
(C.15)
This equation can be simplified by cancelling and cross-multiplying to give
(sa22 (s3− sw)− sa23 (s2− sw))
(sa21 (s2− sw)− sa22 (s1− sw))
=
(
P2s2(s3−sw)
N2
− P3s3(s2−sw)N3
)
(
P1s1(s2−sw)
N1
− P2s2(s1−sw)N2
) (C.16)
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Which leaves us with an equation in which a2 is the only unknown param-
eter. As a2 is the exponent in this equation it can not be solved for analyti-
cally, and taking logs will not give us a2 as the subject of the equation since
it appears in more than one exponent. So I use a root finding function in
R (R Development Core Team, 2007) to find where this equation is equal to
zero.
Note that although I assigned the subscripts to be specific experimental
plots, this was arbitrary and so the equation derived for a2 is valid for any
combination of the plots.
If we find a solution such that
sa21 (s2− sw)− s2a2(s1− sw) = 0 (C.17)
then unless
mpnZr
αN
(
P1s1(s2− sw)
N1
− P2s2(s1− sw)
N2
)
= 0 (C.18)
this is not a solution because the assumption in deriving equation C.11 is
invalid. If
mpnZr
αN
(
P1s1(s2− sw)
N1
− P2s2(s1− sw)
N2
)
= 0 (C.19)
then the above derivation is not necessary and either a1 = 0 or s
a2
1 (s2−
sw)− s2a2(s1− sw) = 0
If a1 is zero then there is no active uptake, so either this is the case and the
system is not nitrogen limited, or there is a solution for a2:
a2 =
ln(s1− sw)− ln(s2− sw)
lns1− lns2 (C.20)
Once we have an estimate for a2, this can be substituted back into the equiv-
alent equation to equation C.11 for i=2 and 3 to get an estimate for a1. If it is
the case that
sa22 (s3− sw)− s3a2(s2− sw) = 0 (C.21)
then there is no solution.
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Assuming we have found both a1 and a2 then they can be substituted back
into equation C.7 to get an estimate of Tmax
Using this method the estimates of a2 were between 1 and 3, however the
estimates of Tmax and a1 were invalid as one of the two was negative in each
case. This is likely to be because in the nitrogen addition plots, the plant
is no longer be nitrogen limited. In which case the model would not apply
and the parameter estimates would not be valid.
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D.1 Mean soil moisture changes
Table D.1 shows the direction of change in mean soil moisture and the mean
value of the change for each rainfall distribution.
Decrease Remain the Same Increase Mean Difference
one 274 1480 211 -0.00015023
two 412 1335 218 -0.000376664
six 499 1055 411 -0.00102859
thirteen 519 795 651 -0.002150189
month 601 504 860 -0.004632047
wowo 470 1049 446 -0.000554674
hmo 536 798 631 -0.000687362
Table D.1: Number of simulations that showed a decrease, stayed the same
and had an increase in mean soil moisture relative to the equilibrium soil
moisture of the continuous model and the mean difference between the con-
tinuous model mean and each of the other model means
Expected change in mean soil moisture
First I consider what happens when the soil moisture varies between two
consecutive limits in the system, and secondly what happens when the soil
moisture range includes one of the limits of the system.
If the soil moisture varies only between two consecutive limits of the system
i.e. between sh and sw, sw and sws, or s f c and 1, then the losses from the
system are linearly dependent on the soil moisture. So the loss from the
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system at soil moisture s must equal as+b where a and b are real numbers.
If the daily rainfall input to the cts simulation is equal to h, then the input to
the varying simulations is kh where k is the number of days in the cycle (i.e.
when it rains every other day, k = 2). So the losses from the system must
also be equal to kh. This means that:
k
∑
i=1
(asi+b) = kh where si is the soil moisture on the i-th day.
This is equal to
kb+a
k
∑
i=1
si = kh
Rearranging this gives
k
∑
i=1
si =
kh− kb
a
This gives the mean soil moisture as
1
k
k
∑
i=1
si =
h−b
a
From the cts simulation we know that the daily loss is equal to the daily
rainfall, i.e. as∗+b= h, where s∗ is the cts soil moisture. So s∗ = h−ba , which
is equal to the mean of the varying soil moisture.
Change in mean soil moisture when the range of soil moisture includes a
switching point
The change in mean soil moisture when the soil moisture crosses a switch-
ing point depends on what happens to the loss rates from the system when
the switching point is crossed. For example, if the cts soil moisture mean
is above the field capacity s f c, and the rainfall variations mean that the soil
moisture goes below the field capacity, then the mean soil moisture will be
lower than the cts soil moisture. From figure 4.3 we can see that the losses
for soil moisture between s f c and sws are equal to Tmax+Ew which is higher
than they would be if the losses followed the linear function indicated by
the dotted line. Since the simulation is at steady state, the losses must equal
the inputs, and, since the losses when the soil moisture is below the cts soil
moisture are higher than the linear function, the losses when the soil mois-
ture is above the cts soil moisture must be lower than they would be if the
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linear function continued. This can only happen if the soil moisture doesn’t
vary as much above the cts soil moisture as it does below it. Therefore, the
mean soil moisture must be lower than the cts soil moisture. By a similar
argument, if the cts soil moisture is below the onset of plant water stress
sws, and rainfall variations push the soil moisture above sws then the soil
moisture mean will be greater than the cts soil moisture. If the soil moisture
crosses the wilting point, then the change in evaporation and transpiration
both have to be considered. If the rate of change of evaporation with respect
to soil moisture between sh and sw is greater than that of transpiration be-
tween sw and sws, then the mean soil moisture will increase. If the opposite
is true then it will decrease. In the unlikely event that they are equal, there
will be no change.
D.2 Absolute and percentage changes in mean soil
moisture
Figures D.1a and D.1b show the mean difference between the cts soil mois-
ture and the mean soil moisture of each of the simulations, in absolute terms
(fig D.1a) and as a percentage of the cts soil moisture (fig D.1b). For the
larger variations in rainfall we can see that the direction of the change is dif-
ferent when we consider the percentage change and absolute change. The
reason for this is that the magnitude of the changes is non-linear with re-
spect to the cts soil moisture and that the direction of the change is not in-
dependent of the cts soil moisture.
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(a) Difference between the mean soil mois-
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(b) Percentage difference of the mean vary-
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Figure D.1: Actual (a) and percentage (b) differences between the mean soil
moisture of the varying simulations and the continuous soil moisture, error
bars show ±1 S.E. n=1965 for each bar
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D.3 Ranges from which the parameters were se-
lected
Parameter Range
h exp(-0.6,1.09)
s f c (0.1,0.95)
sws (0.05,s f c)
sw (0.05,sws)
sh (0.03,sw)
Ks (50,500)
n (0.2,0.8)
Tmax (0.1,2h)
Ew (0.1,max(2(h−Tmax),0.5))
αn (0.1,0.9)
αo (0.01,0.5)
a1 (Tmax/3,Tmax/6)
a2 (2,4)
mp (0.001,0.01)
mm (0.0005,0.01)
mo (0.0001,0.01)
ml (0.0005,0.01)
γ (0.1,0.9)
d0 (0.001,0.1)
r (0.1,0.9)
In (0.1,5)
Io (0.1,5)
Table D.2: Range of values from which the parameters were selected
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D.4 Nitrogen losses from the system
In this section I analyse the nitrogen losses from the one species simulations
to ascertain when they increase or decrease. The results of this analysis is
then used to try and explain the changes in plant biomass that were ob-
served.
Denitrification
Denitrification is a stepwise function (eqn D.1), and so if s varies exclu-
sively within the linear parts of the equation (i.e. s is strictly greater than or
strictly less than 0.7), then the mean denitrification rate will only change if s
is greater than 0.7 and the mean varying s is different from cts s. In this case,
if mean varying s is greater than cts s then the mean denitrification rate will
increase and similarly it will decrease if mean varying s is less than cts s. Us-
ing Jensens inequality, we know that for an increasing function, f(x), when
x varies, f (x)> f (x) when f is an accelerating function of x, and f (x)< f (x)
when f is a decelerating function of x. If the range s takes includes 0.7, then
the denitrification function can be considered an accelerating one and using
Jensens inequality we can see that the mean denitrification rate will increase,
as long as the mean soil moisture remains the same or increases. If the mean
soil moisture decreases, and the range of s includes 0.7, then the mean deni-
trification rate can either increase or decrease, and which will depend upon
the range that s takes and the values of the denitrification parameters.
D(s) =
 d0rN : s< 0.7(1−d00.3 s+ d0−0.70.3 )rN : s≥ 0.7 (D.1)
Inorganic N leaching
The leaching rate depends on both the rate of soil moisture leakage from the
system, and the mean soil moisture, as this affects the concentration of N in
the soil moisture lost and hence the total amount of N lost via this pathway.
If the cts soil moisture is below the field capacity, then the mean rate of
leaching must increase if the soil moisture varies above the field capacity,
s f c, and remain at zero if it does not independent of any changes in mean
soil moisture. So we only need to consider what happens to the leakage rate
and mean soil moisture when cts s is greater than s f c.
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If cts s> s f c, and the range of s is also greater than s f c, then the soil moisture
losses from the system must remain the same, so the mean soil moisture
must also be the same and so the mean rate of leaching will also remain the
same.
Leakage is also a stepwise function (equation 2.4), and by a similar argu-
ment to that used for denitrification, the mean rate of leakage will increase
if the range of s includes the field capacity and the mean soil moisture in-
creases or remains the same. However if the range of s includes the field
capacity, then the mean soil moisture will also change, as the losses from
the system also change.
If the mean soil moisture, s¯ is greater than cts s (still considering cts s > s f c),
then L(s¯)/s¯ > L(cts s)/cts s, and as before, the variations mean that L(s¯) <
L(s), so the mean rate of leaching from the system will increase. If s¯ < cts s,
then whether the mean rate of leaching increases or decreases depends on
the range taken by s and on the other leakage parameters, Ks and s f c.
Organic leaching
Since the organic nitrogen pool is recycled, some nitrogen returns to the or-
ganic pool after being taken up by the microbial pool, the amount of organic
nitrogen leached from the system is also going to depend upon the decom-
position rate. A decrease in the decomposition rate will increase the organic
nitrogen pool size and hence increase the amount of leaching, and an in-
crease will decrease the organic nitrogen pool and decrease the amount of
leaching. The decomposition rate is dependent upon the soil moisture lim-
iting term f (s) = 4s(1− s). If the mean soil moisture remains the same as cts
s, varying the soil moisture will always result in a decrease in the decom-
position rate as a result of Jansens inequality. If the mean soil moisture is
different from cts s, then we need to consider which side of 0.5 the cts soil
moisture is. If cts s < 0.5 and the soil moisture mean is less than cts s, then
the decomposition rate will be decreased. Similarly, if cts s > 0.5 and the
mean soil moisture is greater than cts s, then the decomposition rate will
also decrease. In the case that cts s is less than the mean soil moisture and
0.5, or greater than 0.5 and less than the mean soil moisture then we do not
know whether the decomposition rate will increase or decrease.
Overall, the nitrogen lost from the system should increase if both of the fol-
lowing are true 1. Denitrification and leaching increase or remain the same
and 2. Decomposition decreases, and at least one of these rates is different
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Loss Range of s Change in s from cts s Change in
Loss Rate
Denitrification
0.7 /∈ range(s)
cts s < 0.7 No change
0.7< cts s AND s= cts s
0.7< cts s < s Increase
0.7< s< cts s Decrease
0.7 ∈ range(s)
cts s < 0.7 Increase
0.7< cts s≤ s Increase
s< cts s AND 0.7< cts s Unknown
s f c /∈ range(s) ANY No change
Inorganic
s f c ∈ range(s)
cts s < s f c Increase
Leaching s f c < cts s < s
s f c ≤ s< cts s Unknown
s f c /∈ range(s)
s f c ≤ s≤ cts s≤ 0.5 Increase
0.5≤ cts s≤ s AND s f c ≤ s
s< s f c No change
cts s < s AND cts s < 0.5 Unknown
Organic s< cts s AND 0.5< cts s
Leaching
s f c ∈ range(s)
s f c < cts s≤ s AND
(s≤ cts s≤ 0.5 OR
0.5≤ cts s≤ s)
Increase
s f c ≤ s< cts s
Unknowncts s < s AND cts s < 0.5
s< cts s AND 0.5< cts s
Table D.3: Summary of the changes in mean s and how they affect the loss
rates of nitrogen from the system.
to the cts system. Since it can only be determined when the decomposition
rate decreases, it is not possible to ascertain when the losses from the system
decrease.
Table D.3 summarises the changes in nitrogen loss rate expected for deni-
trification, inorganic and organic leaching given the range of soil moisture
taken and the change in mean s from cts s.
All of the one species simulations were analysed against the criteria above
and those simulations that should show an increase in the amount of nitro-
gen lost from the system were checked to see whether the plant biomass and
the overall nitrogen in the system increased or decreased. Table D.4 shows
the number of simulations that are predicted to have increased N loss rates
for each type of simulation, and those which are unknown.
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Losses
Simulation Unknown Increase
one 362 1603
two 521 1444
six 752 1213
thirteen 989 976
month 1205 760
wowo 791 1174
hmo 968 997
Table D.4: Changes in N loss rates from the system with variation in rainfall
distribution
N loss increased All simulations
Simulation Biomass decreased Percentage Biomass decreased Percentage
one 1038 64.8 1141 58.1
two 1039 72.0 1234 62.8
six 1001 82.5 1393 70.9
thirteen 856 87.7 1463 74.5
month 686 90.3 1509 76.8
wowo 965 82.2 1375 70.0
hmo 872 87.5 1448 73.7
All simulations 6457 79.1 9563 69.5
Table D.5: Changes in mean plant biomass for simulations with increased N
loss rates and for all simulations
Table D.5 shows the number of simulations that had decreased plant biomass
for both those simulations that showed an increase in N loss rates and for
all simulations. A chi-squared test was used to compare the number of sim-
ulations which had increased N loss rate and demonstrated decreased plant
biomass to the number expected if change in N loss rate had no effect on
the plant biomass. All types of simulations showed a significant difference
(p< 0.0001) when corrected for multiple comparisons using the Bonferroni
correction. More simulations showed a decrease in biomass with an increase
in N loss rate than would be expected if there was no effect.
A similar analysis was completed considering total N in the system. This
showed that an increase in N loss had no significant effect on the change in
total N in the system, with the exception of the month simulations which
showed an increase in total N in the system with an increase in N loss (p<
0.0001).
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Discussion
The assumption of dependence of the change in plant biomass on the nitro-
gen loss rate from the system is driven by the idea that plant biomass in-
creases with a better recycling efficiency. This is because plants are nitrogen
limited. This can explain a significant proportion of the simulations that
showed a decrease in plant biomass with increasing variation in rainfall.
There are however still some simulations that showed a decrease in plant
biomass when the nitrogen losses from the did not system increase, and
some that showed an increase in biomass when nitrogen losses increased.
The increases and decreases considered in the analysis are independent of
changes in the N pools, so it is likely that if changes in the mean loss rates are
small, then the distribution of nitrogen through the system will also be im-
portant. When changes in the loss rate are small, and the effect of changing
soil moisture allows the uptake rate to increase, then the effect of decreased
N concentration in the soil may not result in decreased plant biomass. This
is more likely to occur when the species show strong responses to increased
water availability and so cts s is close to the wilting point.
Total nitrogen in the system is less likely to have a different response to
nitrogen loss from the system. This is because a lot of N is going to be in
the form of soil organic matter and that is driven not only by plant biomass
and losses from the system but mainly by the decomposition rate of organic
matter. The decreased decomposition rate leads to nitrogen accumulating
in organic matter, and a higher loss/recycling ratio. Therefore, the response
of the total system is erratic and depends on the balance between several
things.
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